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The mechanics of shear-driven flushing of a dense fluid from a canyon is investigated 
through a series of laboratory experiments. Such a flow has many environmental applications 
including the removal of dense pollutants trapped in urban canyons and the purging of salt 
water from bed depressions at river mouths. While there is an extensive literature on flow in 
canyons and cavities for the neutrally buoyant case, the problem of flushing a dense fluid from 
canyon has received considerably less attention. To understand the dynamics of the mixing and 
to quantify the buoyant contaminant flushing rate, a broad range of experimental results using 
multiple techniques to quantify the flushing rate are presented  
First the effect of the fluid density in the canyon, which is parameterized in terms of the 
flow Richardson number, is examined. For a square canyon a total of 26 experiments were 
conducted for Richardson numbers ranging from 0.08 to 4.5. The effect of the buoyancy on the 
in-canyon flow structure is examined and the regime diagram showing the flow observed in 
different ranges of Richardson number is presented. Also the flushing time and decay rate of the 
dense fluid is quantified. Three different mean stratifications are observed, namely well-mixed, 
continuously stratified, and two-layer. Increasing the Richardson number decreases the rate of 
flushing from the cavity. Curve fits through the measured buoyancy over time were used to 
calculate the flushing rate. 
The effect of canyon aspect ratio on the flushing of a dense fluid is considered through 
four series of finite release experiments for different aspect ratios (η=0.45, 0.75, 1, 2). A total of 
64 experiments are conducted over a range of Richardson numbers. The effect of the canyon 
width on the observed flow regime, in-canyon vortex structure and buoyancy stratification is 
demonstrated. Empirical equations for the initial decay rate are also determined for all aspect 
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ratios and their results are compared with the existing data in the literature. For high Richardson 
numbers which is a two-layer stratification, the lower dense layer in the stratification acts as a 
soft bottom to the canyon, alters the effective aspect ratio of the canyon and changes the flow 
dynamics. Narrower canyons were found to flush more slowly as the large scale vortex that 
drives most of the mixing is restricted laterally and, therefore, does not penetrate deep into the 
canyon.  
An experimental investigation of the effect of the upstream surface roughness is also 
provided in order to highlight the impact of the upstream boundary properties on the flushing. 
This is the first such systematic investigation of the role of turbulence intensity on flushing of 
fluid form a canyon. Three series of tests for different upstream surface roughness (d84= 1.14, 
0.83 and 0 cm) have been conducted. It is shown that the initial purging of dense fluid is driven 
by the mean flow. However, at later stages, the turbulence within the flow is the dominant 
cause of mixing.  
Finally an analytical model is developed to describe both continuous and finite release 
flows. A series of continuous release experiments were run in order to measure the exact rate of 
mixing for a broad range of source buoyancies and layer depths. The results of this two-layer 
model coupled with a revised equation for non-two layer flow regimes shows a good agreement 
with the all the experimental data presented in this study. It is shown that all the mixing rate 
data from the finite release and continuous release experiments collapse onto a single line when 
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The main problem addressed by this dissertation is the flushing of a dense air pollutant 
from an urban canyon. This chapter introduces the specific questions this study seeks to answer. 
Section 1.1 describes the motivation for choosing the project and a review of the literature 
follows in section 1.2. The specific problem considered is defined in section 1.3. An outline of 
the dissertation is presented in section 1.4.  
 
1.1 Motivation 
This study considers the flushing of dense fluid trapped in a cavity by a steady turbulent 
flow passing over the top of the cavity. Such a flow has many environmental and industrial 
applications. For example, dense gas pollutants can become trapped in urban canopies formed 
by building arrays, and flushed by vertical mixing driven by the wind flowing above the buildings. 
While dense gas releases in urban areas are rare, they can have catastrophic consequences. 
Three such events have occurred over the past few years in Festus, MO (2002), Macdona, TX 
(2004), and Graniteville, SC (2005), resulting in several deaths (Hanna et al., 2008; Buckley et al., 
2007). Further, salt water trapped in bed depressions at river mouths can be flushed by the 
fresh water overflow of the river (Coates et al., 2001; Debler and Armfield 1997). On a smaller 
scale, heat can become trapped on the underside of electronic circuit boards between densely 
packed arrays of electrical components. 
While an extensive literature addresses flow in canyon and cavity geometries for 
neutrally buoyant fluids (see, for example, Caton et al., 2003; Simoens et al., 2007; Chang and 
Meroney, 2003) the problem of flushing a dense fluid from a canyon has received considerably 
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less attention. To the best of the author’s knowledge, thus far there has been no attempt to 
fully understand the effect of fluid buoyancy on the contaminant flushing process and flow 
structure within the street canyon. In addition to the density (negative buoyancy) of the fluid 
trapped in the cavity, the cavity geometry, and upstream boundary layer properties will also 
influence the flushing rate. This study experimentally investigates the influence of pollutant 
buoyancy, canyon geometry, and upstream boundary layer properties on the flushing of a dense 
fluid from a street canyon.  
 
1.2 Review of relevant literature 
The goal of this research is to improve understanding of the physics of dense gas 
dispersion in urban environments. A full understanding of dense gas dispersion in urban 
environments requires an understanding of the urban wind climate and the mechanics of 
pollution mixing. Therefore, numerous studies have been conducted on urban canopy flows and 
urban pollution dispersion. Some of these studies will be reviewed in the next sections. 
 
1.2.1 Urban wind climate and urban canopy flows 
Study of the dispersion of pollution in urban areas requires knowledge of the flow 
characteristics over the canyon and inside the canopy, which determine how pollutants are 
mixed and transferred from street level up into the atmosphere. 
The atmospheric boundary layer (ABL) over a surface covered with a large number of 
discrete buildings behaves like a rough turbulent boundary-layer flow. Large scale ABL flow 
models usually treat urban surface topography, such as clusters of buildings, as surface 
roughness. This modeling approach largely ignores the flow within the canopy. Since the flow 
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inside the canopy is non-homogenous and plays an important role in pollutant dispersion, it is 
important to understand wind flow within the urban canopy. 
To predict the spatially averaged velocity profile within and above arrays of buildings, 
different studies have been done which describe the urban canopies in term of the 
morphological parameters of the buildings and avoid resolving the flow around individual 
obstacles (e.g., Macdonald, 2000; Di Sabatino et al., 2007). In the vicinity of the obstacles, the 
flow is complicated by the large spatial variation in the average wind velocity. The simplest 
urban canopy unit is the two-dimensional street canyon. Several studies focus on street canyon 
flow structure (Coceal et al., 2007; Christen et al., 2007; Oke, 1988; Soulhac et al., 2008; Xie et 
al., 2007; Sini et al., 1996; Depaul and Sheih 1986; Chang and Meroney, 2003; Simoens et al., 
2007; Olvera et al., 2008; Klein et al., 2007). Some of these studies looked at the flow structure 
influenced by building height, H (e.g. Klein et al., 2007) or canyon aspect ratio (e.g. Simoens et 
al., 2007) defined as 
H
W
            (1.1) 
where  is the canyon width and  is the canyon height (equal to the building height). 
Urban canyon flow was categorized by Oke (1988) to be either isolated roughness flow, 
in which the boundary layer flow re-attaches to the ground between buildings, wake 
interference flow, in which each downwind building feels the effect of the upwind buildings 
wake, and skimming flow, in which the ABL is raised up to the height of the building roofs and 
the flow in the canyons is driven by shear at the top of the canyon. These different flows are 




Figure 1.1: Schematic diagrams of a. isolated roughness, b; wake interference, and c. skimming flows 
(Oke, 1988). 
 
For a given canyon geometry, the dispersion will be influenced by the pollutant 
properties (for example, phase and density), and the nature of the pollutant source, namely, 
instantaneous or continuous.  
 
1.2.2 Urban pollution dispersion 
Urban pollution dispersion models are mostly concerned with predicting the spatial 
distribution of pollutant concentration resulting from a constant flux or instantaneous point or 
area source. Models are typically a variation of the Gaussian plume model of Pasquill (Pasquill, 
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1971; Klein et al., 2007; Deaves, 1992) in which the vertical and lateral spreading rates of a 
plume are parameterized in terms of the local topography (surface roughness, etc.) and 
atmospheric stability (wind speed, stratification, etc.). The merits of the Gaussian models are 
their relative simplicity and limited input parameters. However, they usually model obstacles, 
such as buildings, as a uniform roughness. They are, therefore, appropriate to predict dispersion 
when the building dimensions are small compared to the pollutant cloud depth (see, for 
example, Macdonald and Griffith, 1997; Zhou and Hanna 2007).  
As with ABL models, this approach largely ignores the canopy flow, assuming, rather, 
that the mean building’s effect on dispersion can be parameterized in terms of a surface 
roughness drag on the flow and increased turbulent mixing. It is then assumed that the mean 
pollutant concentration predicted is appropriate for flow within the canopy. However, this 
ignores the heterogeneity of the building geometry and therefore fails to account for any 
potential trapping of pollutants within the canopy. The pollution trapped in the surroundings of 
an urban street and high-rise buildings can cause serious health risks, because the dispersion 
process is significantly limited and can produce poor air quality. 
Attempts to understand dispersion within the urban canopy fall into two broad 
categories: those that model the mean flow and dispersion within building arrays (Hamlyn et al., 
2007; Macdonald et al., 1997; Macdonald et al., 1998), and those that look at flow near 
individual urban structures such as buildings (Olvera et al., 2008; Mavroidis, 2001), intersections 
(Klein et al., 2007), urban canyons (Caton et al., 2003; Simoens and Wallace, 2008; Taseiko et al., 
2009), and suburban backyards (Mensink and Cosemans, 2008).  
In the vast majority of urban dispersion studies, only neutrally buoyant pollutants were 
considered (e.g., Chang and Monerey, 2003; Li et al., 2007; Liu et al., 2011; Cheng et al., 2008; 
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Sini et al., 1996).  A significant risk of dense gas pollution in highly populated urban areas exists, 
however, due to either accidental or malicious releases. Such releases pose a real danger to the 
local inhabitants’ health (Buckley et al., 2007). The density of such pollutants drives negative 
buoyancy that will act to suppress vertical mixing, as work must be done by the incoming flow to 
raise the dense fluid up into the atmosphere. The relative influence of the fluid density is 
typically expressed in terms of a bulk Richardson number, which is the ratio of the buoyancy 





Ri            (1.2) 
in which  is the flow velocity over the top of the cavity, and  ’ is the negative buoyancy of the 







           (1.3) 
where 0  
is the density of the ambient fluid and   is the pollutant density. Thus for negative 
buoyancy,     . The higher the Richardson number the more stable the flow and the lower 
the rate of vertical mixing. When      the inertia force is smaller than buoyancy force so the 
effect of the buoyancy must be considered in modeling the street canyon flow (Liu et al., 2003). 
However multiple studies showed that, even for    numbers lower than one, buoyancy 
significantly influences the pollutant mixing mechanism (Chang et al., 2007a; Chang et al., 
2007b). 
The removal of a buoyant pollutant from a cavity or a canyon has been examined numerically 
and experimentally (e.g. Chang et al., 2007a; Chang et al., 2007b; Kim and Baik, 2001; Liu et al., 
2003; Chan et al., 2002). In these studies, the buoyancy was due to either thermal difference 
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(e.g. Xie et al., 2007; Cheng and Liu 2011; Cheng et al., 2009) or a density difference between 
the ambient fluid and the pollutant material (e.g. Armfield and Debler, 1993; Kirkpatrick et al., 
2012; Strang and Fernando, 2004; Liu et al., 2003; Briggs et al., 1990; Castro et al., 1993).  
In all these studies, different geometries have been considered. Meroney et al. (1996) stated 
that, for modeling a street canyon in open country, an isolated canyon geometry is appropriate 
(Figure 1.2a). Other researchers have used an isolated cavity geometry (Figure 1.2b) in which 
the effect of flow separation at the leading edge of the upstream building is no longer present. 
However, in the case of urban canopies, the buildings and surface roughness upstream of the 
specific street canyon shifts the zero plane displacement of the boundary layer up, meaning that 
periodic street canyons (Figure 1.2c) are more appropriate for modeling urban areas (see Liu et 
al, 2011; Cheng and Liu 2011; Cheng et al., 2009; and Cheng et al., 2008). In this study, the open 




(a)    (b)    (c) 
Figure 1.2: Schematic diagram of (a) an isolated street canyon; (b) an isolated cavity; and (c) multiple 
cavity geometry. 
 
Table 1.1 summarizes studies on pollution dispersion in urban canyons in terms of 
buoyancy, canyon geometry, and upstream velocity.   
 
 
Table 1.1: Summary of several studies on the cavity/canyon geometry 
 
η    Upstream profile Geometry 
Number of upstream 
cavities  
Armfield and Debler  
1993 
1             free stream flow cavity 0 CFD&W.F* 
Sini et al., 1996 0-       log-law cavity 0 CFD 
Debler and 
Armfield, 1997 
1-16.7            free stream flow cavity 0 W.F* 
Baik and Park. 2000 1, 0.66, 0.5, 0.42, 0.33 0 rough B.L. canyon 0 CFD&W.F* 
Uehara et al., 2000 1             rough B.L. canyon 4 W.T* 
Kim and Baik, 2001 0.6-3.6      power-law cavity 0 CFD 
Chang and 
Monerey, 2003 
0.5, 1, 2, 4, 6 0 rough B.L canyon 0, 1, 2, 7 CFD & W.T* 
Caton et al., 2003 1 0 free stream flow cavity 0 W.F* 
Kim and Baik, 2003 1 0 power-law cavity 0 CFD 
Liu et al., 2003 0.67, 0.83, 1.7      free stream flow canyon 0 W.F* 
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Park et al., 2004 0.64, 1.39, 2.38 0 rough B.L. canyon 0 W.T* 
Strang and 
Fernando, 2004 
1,2      free stream flow cavity 0 W.F* 
Kirkpatrick and 
Armfield, 2005 
1             free stream flow cavity 0 CFD&W.F* 
Kim and Baik, 2005 1      free stream flow canyon 0 W.F* 
Li et al., 2005 0.5,1,2 0 free stream flow cavity 6 CFD 
Liu et al., 2005 0.5,1,2 0 free stream flow cavity   CFD 
Xie et al., 2006 1 -0.21 free stream flow cavity 4 CFD 
Chang et al., 2007a 2 0,0.2 laminar B.L. cavity 0 CFD 
Chang et al., 2007b 2 0, 0.2 turbulent B.L cavity 0 CFD 
Xie et al., 2007 0.5, 1, 2, 10      free stream flow cavity 4 CFD 
Siemon et al., 2007 1, 10, 12 0 rough B.L. canyon 0 W.T 
Li et al., 2007 2, 1, 0.5 - free stream flow cavity   CFD 
Soulhac et al., 2008 0-  0 log-law cavity 0 Theo. 
Cheng et al., 2008 0.5, 1, 2 0 free stream flow cavity 6 CFD 
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Cheng et al., 2009 1            power-law cavity 6 CFD 
Li et al., 2010 1 -2.4, -1.2,-0.6,0 free stream flow cavity   CFD 
Liu et al., 2011             0 power-law cavity 6 CFD 
Cheng and Liu 2011 1 -0.11,-0.06, 0, 0.18, 0.35 free stream flow cavity 1 CFD 
Kirkpatrick and 
Armfield, 2012 
               free stream flow cavity 0 W.F* 





The reference velocity in each study in this table is different. Despite the large number 
of studies, little available studies offer a consistent definition for the reference velocity to use in 
Eq. 1.2. This research provides a considerable amount of data with consistent variable 
definitions.  
Despite all of the studies cited in table 1.1, no comprehensive study exists on the role of 
buoyancy on pollution dispersion from a street canyon with different aspect ratios and 
boundary layer properties. There is, therefore, still a need to understand and parameterize the 
interaction of wind and gas density for pollutants trapped in urban canyons with different 
dimensions. The goal of this dissertation is to provide both a qualitative and quantitative 
investigation of the effects of negative buoyancy on the flushing of a dense fluid from a canyon 
for different aspect ratios and upstream ABL properties. Wherever in this study it’s referred to 
the term of “buoyancy” which is driven by density, it implies the negative buoyancy. 
 
1.3 Problem definition 
In terms of air quality management, there is clearly a need to understand the dispersion 
of a dense gas trapped in complex urban topography more fully. However, there are an infinite 
range of three-dimensional building arrays. The dispersion process in an urban area with highly 
crowded buildings is significantly different from that in flat terrain. The pollution trapped in the 
surroundings of an urban street with high-rise buildings can cause serious health risks because 
the dispersion process is significantly limited, and can result in poor air quality.  
To avoid the endless complexity of general urban canopy geometry, this research 
focuses on the most basic trapping topography, the two-dimensional urban canyon. While this is 
a somewhat idealized geometry, it is a sensible starting point for the parameterization of shear-
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driven vertical mixing of dense gas pollutants. Figure 1.3 schematically illustrates the simplest 
two-dimensional geometric components of an urban canopy and the major parameters 
considered. These are the building height  , the street width  , the atmospheric boundary 
layer properties and the pollutant density parameterized in terms of its reduced gravity,   . The 
widths of the buildings, , in this study are constant and are the same as the building height. 
  
Figure 1.3: Schematic diagram of the street canyon showing geometric parameters. The windward side is 
that end of the canyon near the windward facing canyon wall, and the leeward side is the end of the 
canyon near the leeward facing canyon wall.  
 
The variation in the total buoyancy in the canyon over time will depend on the initial 
pollutant buoyancy,   
 , the canyon dimensions, and the properties of the upstream 
atmospheric boundary layer (ABL): 
0' ( , , , , )g dA f g t H W ABL         (1.4) 
where   is the time from the start of flushing and A is the cross section area of the canyon 
shown in the Figure 1.3. There are a number of ways of parameterizing the atmospheric 
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boundary layer. For example, Jensen (1958) suggested that to attain dynamic similarity one 
must accurately account for the surface roughness of the upstream terrain. Estimation of this 
parameter is typically done either by examining the geometry of the upstream fetch, or by 
fitting a curve through measured velocity profile data. One can therefore parameterize the ABL 
in terms of the upstream velocity at the height of the roof top (U ) and the upstream surface 
roughness height (
0z ). This approach is commonly used for wind tunnel testing of wind loads on 
structures (ASCE 1999 and ASCE / SEI 7-10, 2010). Alternatively, one could follow the lead of 
Huang et al. (2000) and use the rooftop velocity and the rooftop turbulence intensity ( I ). 
Defining  
'G g dA  ,          (1.5) 






          (1.6) 





          (1.7) 
Equation (1.4) can then be written in non-dimensional form as either  
 , , ,f Ri Je            (1.8) 
where / oJe H z is the Jensen number (Cook 1986) or  
 , , ,f Ri I            (1.9) 
where I is the turbulence intensity of the upstream flow at the roof height. Having a source of 




In this study, we will consider two basic cases, a finite release of pollutant (chapters 2, 3, 
& 4) and a continuous release (chapter 5). A release can be considered instantaneous if it is 
released over a period of time that is much shorter than the time it takes to disperse (such as an 
instantaneous release from a sudden rupture of a gas cylinder). It can be considered continuous 
if the dispersion time scale is significantly shorter than the release time such as a slow leak from 
a pipe. 
 
1.4 Dissertation outline  
This study presents an experimental and analytical investigation into the effects of 
buoyancy, canyon aspect ratio, and the properties of the upstream boundary layer on the 
flushing of a pollutant from an urban canyon. A range of canyon dimensions, pollutant densities, 
flow velocities, and turbulence intensities were considered in this research. 
Chapter 2 describes the experimental methodology and quantifies the effect of the 
pollutant buoyancy on the flushing process and flow stratification in a canyon with aspect ratio 
one, under a rough turbulent boundary layer. Chapter 3 and 4 discuss the effects of the canyon 
aspect ratio and upstream boundary layer properties (rough and smooth turbulent boundary 
layers) on the in-canyon flow structure and purging process in the presence of buoyancy. 
Chapter 5 presents results of experiments for which there was a continuous release of 
pollutant into the canyon, and includes an entrainment model for predicting the time evolution 
of both finite and continuous release flows. Chapter 6 provides a summary of results and the 








This chapter describes the effect of buoyancy on the mechanism and the rate of 
concentration removal from a canyon with aspect ratio one. An empirical equation based on the 




Caton et al. (2003) examined the flushing of a neutrally buoyant pollutant from a square 
cavity due to a flow over the canyon top. They showed that a shear layer forms at the top of the 
canyon, and produces an exchange flow between the polluted cavity fluid and the fresh ambient 
fluid. For a finite initial release of pollutant, the cavity remains well mixed and the rate of 
exchange is constant, resulting in an exponential decay in pollutant concentration over time. 
The decay rate was found to be proportional to the flow velocity and inversely proportional to 
the height of the cavity.  
For buoyant pollutants, the dispersion mechanism differs from that of passive 
pollutants. Atmospheric stability, thermal buoyancy, and dense gas pollution are all considered 
in street canyon flow studies. 
Kim and Baik (2001) defined five different regimes for recirculating flow in a cavity 
based on different thermal conditions. Cheng et al. (2011), in a numerical study, considered the 
effect of a thermal stratification on urban street canyon flows and pollution transport for 
                     , and     . The bulk Richardson number was defined as 
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          (2.1) 
where α is the thermal expansion coefficient, g is gravitational acceleration, H is building height, 
U is free-stream flow velocity, and    is the difference between street-level temperature and 
roof-level temperature. A negative Richardson number indicates relatively warm air in the 
canyon, a positive Richardson number indicates relatively cold air in the canyon, and   =0 
indicates that the air in the canyon is the same temperature as the ambient air in the boundary 
layer flow. Based on their results, although pollutant removal is improved for unstable 
stratifications (  <0) because of turbulence enhancement, only the stable case showed a 
different flow pattern from the neutral situation, because the temperature inversion near the 
ground level suppressed turbulence and trapped most of the cool air at street level. Uehara et 
al. (2000) showed that for very stable conditions (   = 0.4 − 0.8), the wind velocity in the street 
canyon is suppressed and drops to zero. A similar study by Cheng et al. (2009) showed the effect 
of thermal buoyancy and the atmospheric stability condition on the pollutant removal time. 
In terms of thermal buoyancy, most studies focus either on negative    number or on 
low    values, because the highest Richardson number reported for a stable atmosphere is 
about 0.2 for a stable atmospheric condition and a strong stable stratification is rarely caused by 
temperature differences (Liu et al., 2003). Study of higher    numbers is necessary for dense 
pollutants. 
The removal of a negatively buoyant pollutant from a cavity has been examined 
numerically and experimentally. Chang et al. (2007b) conducted LES simulations of a cavity with 
aspect ratio of two for the neutrally buoyant case (  =0) and for a slightly negatively buoyant 
pollutant (  =0.2). They found that the dense pollutant took about twice as long to flush fully 
from the cavity. For the   =0.2 case the cavity did not stay well mixed and the decay rate was 
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not constant over time, but rather a density stratification was maintained throughout the 
flushing process.  
The problem of the dispersion of a dense fluid from a cavity has also been applied to the 
study of salt water trapped in depressions of river beds. In this case, flushing is driven by the 
fresh water overflow from the river (Kurup and Hamilton, 2002; Coates et al., 2001; Debler and 
Imberger, 1996). For a cavity with aspect ratio one, Armfield and Debler (1993) conducted a 
laboratory study for six different Richardson numbers over the range 0.02 0.6Ri  , to 
identify the mixing characteristics and verify their numerical simulation results. Four stages were 
identified during the purging process: 1) the initial large splash of dense fluid; 2) forming a 
vortex at the interface height and resultant splash; 3) seiching interface surface which ejects the 
dense fluid continuously from the cavity; and 4) forming a vortex inside the cavity which moves 
the dense fluid out of the basin. The first three stages occurred due to the large scale flow while 
the last stage is due to the small scale turbulent flow (Kirkpatrick et al., 2012). 
Debler and Armfield (1997) considered both rectangular and trapezoidal cavities and 
Richardson numbers in the range 0.45 31Ri  . They parameterize the rate of flushing and 
the entrainment velocity at the interface as a function of the cavity geometry,    number, layer 
thickness, the upstream flow depth, and velocity. However, their model only accounts for 
flushing by skimming of dense fluid from the top of the dense layer and does not consider 
mixing across the density interface, nor the role of upstream turbulence intensity on the 
flushing rate.  
This study was extended by Kirkpatrick and Armfield (2005). It was assumed that the 
flushing process was largely due to skimming of dense fluid off the top of the layer rather than 
via an exchange flow across the density interface. Kirkpatrick et al. (2012) in a similar study 
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considered wide trapezoidal canyons with 7< <17. It was shown that the entrainment rate at 
the interface surface can be defined by only a power-law function of the Richardson number. 
This study also focuses on the strongly stratified fluid in the cavity (high   ) when it is assumed 
that the density of the layer does not decrease. 
All these studies were run with a shallow overflow, and are consequently not 
appropriate for atmospheric boundary layer modeling in which the flow depth is effectively 
infinite. A cavity-flushing study with a deep upstream turbulent flow was conducted by Strang 
and Fernando (2004). They ran experiments on flushing of saline water from rectangular cavities 
with  =1 and 2, but they mainly focused on the flow and concentration downstream of the 
cavity. This chapter seeks to quantify the effect of buoyancy (   number) on the flushing process 
for a square canyon. The specific problem considered is that of the removal of a finite volume of 
dense fluid from a canyon due to vertical mixing driven by a turbulent flow over the top of the 
buildings.  
The remainder of this chapter is structured as follows. The experimental technique and 
procedure is described in section 2 followed by the results and a qualitative description of the 
observed flow in section 3. Quantitative parameterizations of the flushing rate are given in 
section 4. Conclusions are drawn in section 5.  
 
2.2 Experimental technique 
A series of small-scale laboratory experiments were conducted in the water flume of 
Lowry Hall Fluid Mechanics Laboratory to measure the time taken to remove a dense layer of 
fluid from a square canyon as a function of the flow Richardson number. A series of experiments 
were conducted in a water flume using a canyon formed by two parallel square prisms whose 
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axis is horizontal and normal to the flow. The building height is denoted by  , the canyon width 
by , the wind speed at the top of the blocks by  , and the total flow depth is  . The length of 
the canyon in the transverse direction and the depth of the ambient fluid were assumed to be 
high enough to have no effect on the flushing process. The fluid density is parameterized in 
terms of its buoyancy. A schematic of the flow considered is given in Figure 2.1. 
 
 
Figure 2.1: Schematic diagram of the problem considered showing the building height  , the cavity width 
 , the flow depth  , and the pollutant density parameterized in terms of its buoyancy g’. 
 
Water channels can be used to physically model the street-canyon flow (see, for 
example, Li et al., 2007; Baik et al., 2000; Liu et al., 2003; Kim and Baik, 2005; and Caton et al., 
2003). Although salt bath laboratory experiments are run on a smaller scale than are large wind 
tunnel or field studies, they can provide great insight into large-scale flows such as volcanic 
eruptions (Woods et al., 1992), mixing in the ocean (Hughes and Griffiths, 2006; Wahlin and 
Cenedese, 2006), and air movement in buildings (Kaye and Hunt, 2004; Linden et al., 1990) They 
succeed for three main reasons. First, the kinematic viscosity of water is a factor of 10 less than 
that of air, meaning that equivalent Reynolds numbers can be achieved on a smaller scale using 
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water as the working fluid. Secondly, it is easier to control the boundary conditions as 
temperature fluctuations make only a slight difference to the density as compared to the 
salinity. Finally, flow visualization and measurement are considerably easier as the liquid can be 
dyed, high salt concentrations can be used compared to those of tracer gases, and its 
concentration can be measured using a light attenuation technique (described in this section) 
without placing instrumentation within the flow.  
The following sections describe the experimental setup instrumentation, buoyancy 
measurement and experimental results for measuring the effect of buoyancy on the flushing 
rate. Since all the experiments were run for a single Schmidt number and high    number 
(        
  
 
      ), the flow is insensitive to    and    (Kirkpatrick et al., 2012; 
Meroney et al., 1996). 
 
2.2.1 Experimental setup 
The canyon pollution dispersion was modeled in a Plexiglas water flume using fresh 
water as the ambient environment and dyed salt water as the buoyant pollutant released in 
between the model building blocks representing the urban canopy. The experiments were run in 
a free surface water flume which is 10 m long and 0.6 m wide, and was run at a depth of 
between 0.4 and 0.5 m. The flow is driven by a 0.08 m3/s capacity pump controlled by a variable 
frequency drive. The flow was controlled downstream by a rectangular sharp crested weir of 
height 0.38 m above the channel bed. The weir was located 2 m downstream of the test section. 
Upstream the flow passed over a weir wall, into a header tank, and then through a contraction 
and flow straightener into the main channel. Figure 2.2 depicts the flume along with the water 
recirculation set up. 
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To model the urban boundary layer, a rough turbulent boundary layer was generated 
using a gravel bed (d84= 1.14 cm), laid over a 7.5 m length of the channel, upstream of the test 
section. 
 
Figure 2.2: Schematic diagram of the flume section 
 
The velocity measurements were made using a SonTek 10-MHz ADV (Acoustic Doppler 
Velocimeter) that is capable of measuring all three components of velocity with an accuracy of 
0.25 cm/s at a sampling rate of 25 Hz. To verify that the velocity profile is fully developed at the 
test section, velocity profile measurements were made at three different sections upstream of 
the test section. The mean velocity and turbulent intensity profiles taken at the highest flow 











         (2.2) 
in which  u z  is the time averaged velocity at the height of z , 0z is the surface roughness,
 
*U  
is shear velocity, and   is the von Karman constant.  
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A surface roughness length of 
0z =0.24 cm was found from analyzing the profiles using 
the techniques of Smart (1999) and Karimpour et al. (2012). Since all the acoustic receivers of 
the ADV must be underwater to measure the velocity at 10 cm distance, the top 10 cm of the 
profile could not be measured. The ADV was also used during each experiment to measure the 
mean rooftop velocity (U ) and turbulence intensity ( I ) defined by the root-mean-square value 
of the time series of individual velocity (    ) about the mean velocity . To ensure that the 
flow is independent of the Reynolds number, the rooftop velocity was chosen such that 
         (Meroney et al., 1996). When the inflow velocity is higher than 6 cm/s, the 
turbulent intensity is independent of (U ).For all experiments in this chapter,   (defined as root 
mean square of time series at the top of the blocks was 13%< <16%. 
 
 
(a)      (b) 
Figure 2.3: a) Vertical velocity profile data (points) and fitted curve (line) based on Eq. 2.2, for d84=1.14 
cm, 0z =0.24 cm and *U =1.36 cm/s. b) The total turbulence intensity profile. The block represents the 































Buoyancy measurements were made using the light attenuation technique. Figure 2.4 
illustrates the flume test section and the cavity model along with the measurement instruments. 
The flume’s Plexiglas sidewalls allow videotaping the process during the test runs. A fluorescent 
lighting system at one side of the flume is used as back light for the flow. A light diffusing screen 
makes the back light almost uniform. The canyon was formed by two hollow square prismatic 
buildings of height 0.1 m and width 0.6 m, equal to the width of the flume. The depth of the 
flow was always approximately four times the height of the buildings. The Jensen number (Cook 
1986), which parameterizes the height of the building relative to the boundary layer surface 
roughness, was 
0/ 42Je H z   (Jensen, 1958). 
 
 
Figure 2.4: Plan view of the canyon model, test section, and measurement instrument. 
 
A schematic diagram of the experimental model is shown in Figure 2.5. Salt water was 
introduced into the already flooded canyon through a perforated pipe that ran along the canyon 
floor across the whole width of the canyon transverse to the flow direction. 
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The salt water was supplied from a constant head tank. The rate at which the salt water 
was introduced was controlled by a needle valve attached to an inline rotameter flow rate 
meter. The flow rate was kept very low so that there was minimal mixing of the salt water with 
the fresh water as the salt water left the perforated pipe.  
 
Figure 2.5: Schematic diagram of the experimental test section showing the buildings forming the canyon, 
the backlighting, CCD camera for measuring light attenuation, and the salt water supply system.  
 
2.2.2 Buoyancy measurement  
The buoyancy of the fluid in the canyon was measured using a light attenuation 
technique (Hacker et al, 1996; Cenedese and Dalziel, 1998; Allgayer and Hunt, 2012) in which 
the buoyant fluid is dyed and the light attenuation across the canyon is related to the fluid 
buoyancy. The technique is based on the Beer-Lambert law of absorption, which states that the 
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light intensity’s local spatial attenuation rate is linearly proportional to the local light intensity 






            (2.3) 
where    is the light intensity,   is the direction of the light beam, and a is a property of the 
medium attenuating the light. The measurement technique relies on  being a linear function of 
the dye concentration and the experiment being two-dimensional. If both these conditions are 









            (2.4) 
where   (ppm) is the local dye concentration,    (ppm m) is the constant of proportionality 
relating a  to  , 0lI is the light intensity prior to passing through the dyed fluid, and   (m) is the 
length of the path through the dyed fluid. The resulting measurement gives the dye 
concentration at any location in the streamwise ( ) and vertical ( ) directions averaged over the 
transverse width ( ) of the canyon. In present experiments, the light intensity was measured 
using a JAI CV-M4+CL black and white CCD camera with 1392 (h) x 1040 (v) 6.45 µm square 
pixels per image. The camera has a linear relationship between light intensity and digitized 
signal, though it does have a zero offset lzI  that was calculated by averaging the measured 
intensity with the lens cap on (Coffey, 2006). 
A series of experiments were run with different dyes and a range of lens filters to 
establish which combination provided the most linear relationship between concentration and 
attenuation rate. The resulting experimental setup used a commercial red food coloring and a 
combination of blue and green lens filters to achieve the highest light sensitivity for the camera 
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while remaining in the linear attenuation range of the dye. Figure 2.6 shows the light intensity 
that was considered in all experiments in order to be in the range of linear relationship 
(    
  
   
  ). 
The concentration was calculated by taking an experimental image and dividing the 
measured light intensity at every point by the light intensity measured at the same point in the 
absence of any dyed solution. Thus, 
0
1








        (2.5) 
 
 
Figure 2.6: Light sensitivity for green and blue lens filters (V is the cavity volume). 
 
where lzI  is the digitized black offset for the camera. All image processing and attenuation 
calculations were made using a DigiFlow software package (Cenedese and Dalziel, 1998). The 
constant of proportionality   was calculated by taking a series of measurements within the 
0.1 
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canyon with different measured dye concentrations, plotting the log of the measured 
attenuation against the concentration, and fitting a straight line through the data.  
To calculate the buoyancy based on the concentration, the technique requires that the 
dye and the salt mix at the same rate that is, the dye concentration is directly related to the 
buoyancy at all times. This is valid provided the Peclet number (   
  
  
) is large for both the 
dye and salt, as was the case for present experiments. Also this has been verified during 
preliminary experiments (Figure 2.7). 
 
 
Figure 2.7: Dye concentration and buoyancy relation based on the experimental tests. 
 
2.2.3 Experimental procedure 
Each experiment was conducted using the same procedure. First, a batch of dyed salt 
solution was mixed, ensuring that the dye concentration was still within the linear attenuation 
range based on the earlier calibration. The density of the dyed solution in the constant head 
tank was measured using a hand-held Densito 30 PX densitometer (accuracy ±0.0001 gcm−3). 
















density was measured. The temperature difference between fresh and salt water was also 
measured and found to be negligible (around one degree Celsius) for all experiments. When the 
flume was full of fresh water and before adding salt water to the canyon, an image was taken to 
give the background light intensity. The dyed salt water was then slowly drained from the 
constant head tank into the canyon in the flume which was already flooded by fresh water with 
depth of 40- 50 cm. Once the canyon was full (Figure 2.8), a sample of the salt water inside the 
cavity was taken, using a syringe with a long needle, to check the initial density. Then the 
camera started recording and the flume was turned on to the desired flow rate. During the 
experiment, the velocity upstream of the model buildings, U, was recorded using the ADV at the 
height of the top of the buildings. The time average of the steady velocity was taken as the 
reference velocity for the flow. Images were recorded every 0.15 to 1 seconds, depending on 
the expected rate of flushing (fewer frames per second were recorded for lower flow velocities 
and higher fluid densities). Filming was ended when the canyon was fully flushed based on visual 
inspection of the canyon.  
 
 




After an experiment each frame of the movie was used to calculate the concentration 
and hence buoyancy at each point in the canyon cross-section using (2.5). Figure 2.9 shows the 




(b)     (c) 
Figure 2.9: a) Background image before experiment,  , b) a captured image during the test,   , c) 
corrected image with the light intensity 0( ) ( )l lz l lzI I I I  . The false colors map the intensity of the 
light. 
 
Using the Digiflow software, a horizontal average of the buoyancy was then calculated 
at each height for each frame to give vertical buoyancy profiles over time. An example of the 
calculated horizontal averaged profiles is shown in Figure 2.10. 
The filling tube at the bottom of the canyon blocked all light at 1 cm height of the 
canyon, preventing the attenuation technique being used all the way to the canyon base. 
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Therefore, the buoyancy measurement at the top of the tube was taken to represent the 
buoyancy below the tube top. The area averaged buoyancy,   
 , was also calculated for the 
canyon. In the results presented in this chapter, the buoyancy is scaled on the initial mean 
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2.3 Flushing mechanics and flow descriptions 
A total of 26 experiments were run for a range of Richardson numbers (         
   ) and for an aspect ratio =1. The flow regimes observed followed by a discussion of the 
stratifications measured for different Richardson number flows are described below. 
 
2.3.1 Observations and flow regimes 
A number of flow regimes were observed depending on the Richardson number of the 
flow. For higher Richardson numbers, the canyon remained strongly stratified during the 
flushing process, whereas for lower Richardson numbers it was relatively well mixed throughout 
the flushing. Despite the different stratifications observed, the initial mechanics of the flushing 
process was similar in all cases. After the flume was turned on to the desired flow rate, the fresh 
water over the flooded canyon was set into motion and started purging the saline water out of 
the basin. The general purging process was similar to what Armfield and Debler (1993) reported. 
Each experiment roughly followed the same four steps. Experimental images of these four 
stages are shown in Figure 2.11 for an aspect ratio 1  and a Richardson number of 1.0Ri . 
a) When the flume is initially turned on, the shear from the flow over the top of the 
canyon tilts the interface at the top of the dense fluid layer. The interface is depressed at the 
upstream end of the canyon and raised at the downstream end. This tilting results in a slug of 
fluid being pushed out of the downstream end of the cavity. This slug of fluid is then rolled up 
into a trailing edge vortex downstream of the second building (Figure 2.1b).  
The initial condition of the experiments and the abrupt splash of dense fluid from the 
canyon might play major role in initial purging process and affect the rate of flushing. This 
influence will be discussed in Section 5.4.2.2. 
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b) The upstream depression formed during the initial tilting moves downstream in the 
form of an interfacial wave. In some cases dense fluid is rolled up into a vortex at the top of the 
wave as seen in Figure 2.11(b). This roll up is less pronounced for higher Richardson numbers 
(see Figure 2.14). For more stable Richardson numbers, the wave simply travels across the 
cavity. As the wave progresses, the fluid slug that was initially pushed out of the back of the 
cavity is pinched off.  
 
 
 (a)       (b) 
 
(c)      (d) 
Figure 2.11: Series of images of the buoyancy field for a Richardson number of   =0.1 and a square cavity, 
showing, a) the initial tilting (  5 s), b) interfacial wave ( =7 s), c) vortex penetration into the cavity at 
the downstream end (  10 s), and d) the quasi-steady flushing of the dense fluid out of the cavity (  26 
s). Also shown in the last image is buoyant fluid being driven upstream to the flow separation point at the 




(a)       (b) 
 
(c)       (d) 
Figure 2.12: Corresponding density contours for images in Figure 2.11 showing 10% spacing between 
isopycnal contours. 
 
c) When the wave reaches the downstream edge of the cavity, the trough is deflected 
down into the cavity and a recirculation zone is established that is maintained for the duration 
of the flushing. The initial depth of the recirculation zone is strongly dependent on the 
Richardson number of the flow. The higher the Richardson number, the more stable the 
stratification and the smaller the vertical penetration depth. For lower Richardson numbers this 
recirculation zone extends all the way to the base of the cavity.  
d) After the recirculation zone is formed, a steady flushing flow is established in which 
fluid is mixed into the recirculation zone and flushed out the top of the cavity. Once out of the 
cavity, the dense fluid was drawn upstream due to the low pressure created by the flow 
separation at the leading edge of the upstream building (consistent with Meroney et al., 1996). 
The dense fluid is then mixed across the shear layer formed at the leading edge and transported 
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downstream. Some of this fluid is transported fully downstream while some becomes trapped in 
the wake behind the downstream building.  
The density contours for corresponding images in Figure 2.11 are shown in Figure 2.12 
in order to show the change in concentration over the depth. 
Although these four basic stages occurred in all the experiments, the mechanism of the 
purging process and the distribution of buoyant fluid within the cavity were observed to be 
strongly dependent on the Richardson number. Figure 2.13 shows the depth of the scaled initial 
interface deflection,    , at the upstream cavity edge as a function of the Richardson number: 
the higher the Richardson number, the more stable the layer and the smaller the deflection 
depth.  
 
Figure 2.13: Non-dimensional initial deflection against Richardson number (triangles) and first splash 
fractional volume measurements from Armfield and Debler (1993) (stars).  
 
Also shown in the Figure are the data from Armfield and Debler (1993) for the fractional 
















number, the lower the volume of the initial purge. Since the data from Armfield and Debler 
(1993) are for the average interface drop caused by the initial splash, the results are not directly 
equivalent, and it is expected to be lower than the initial deflection results reported for this 
study’s results as observed.  
The Richardson number also greatly influences the buoyancy profile in the canyon 
during the flushing process. False color images of the reduced gravity field for different 
Richardson numbers are shown in Figure 2.14: the lower the Richardson number the greater the 
initial deflection of the interface and the deeper the initial vortex penetrates at the downstream 
wall of the canyon. For the lowest Richardson number shown, the second wave is strong enough 
to roll up the light fluid and generate another vortex; it eventually penetrates to the base of the 
cavity, and the dense fluid is held at the upstream end of the cavity and flushed from there. As 
the Richardson number increases, the depth of the steady vortex decreases and the slope of the 
interface between the vortex and the dense layer decreases. For very high Richardson numbers, 
there is no significant steady vortex penetration and a two-layer stratification is observed. 
Further, as the Richardson number increases, the interface becomes sharper as seen by the 
more rapid vertical color gradients.  
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Figure 2.14: False color images of the flushing of a square cavity at different Richardson numbers (   
increases from left to right). The times for each    number are:   =0.09,      =1.7, 9.5, 11.5, 16, 19.5, 
22;   =0.2,      =4, 6.5, 11.5, 16.5, 25.5, 54, 76.5;   =0.6,      =3.7, 6, 7.5, 13.5, 66, 124.5, 
180;   =1.5,      =5, 6, 7.5, 9.7, 126, 390, 464. 




Well-mixed Flow: For low Richardson numbers, the initial vortex penetrates to the bottom of 
the cavity, the flushing is quite rapid, and the resulting mean vertical reduced gravity profile is 
approximately uniform with height decaying in magnitude over time. The cavity remained 
largely well mixed in a manner similar to that of the neutrally buoyant case, as demonstrated by 
Caton et al. (2003).  
Continuously stratified flow: For intermediate Richardson numbers, the horizontally 
averaged buoyancy increases continuously with height above the cavity base. The vortex located 
at the downstream wall does not penetrate to the base of the cavity and so a stable 
stratification is maintained throughout the flushing. 
Two-layer stratification: For high Richardson numbers, the dense layer is more stable and a 
distinct two-layer stratification is observed with a sharp density interface between the relatively 
fresh upper layer and relatively dense lower layer. Unlike the other two cases, the vortex was 
not able to persist in the canyon to mix the layer, so the purging process, at the beginning, was 
predominantly due to the shear layer at the top of the cavity. The interface oscillates, 
intermittently pushing dense fluid out from the upstream and downstream corners. This process 
continued until the level of the interface dropped to around one fourth of the cavity height 
below the top. After this, the dense layer was skimmed by a vortex formed at the downstream 
end of the upper part of the canyon. The scouring process continued to lower the interface 
toward the bottom of the cavity.  
Table 2.1 shows the flow regimes in each range of Richardson number based on present 
experiments.  Armfield and Debler (1993) and Debler and Armfield (1997) reported all their data 
for 0.02<   as being in the two layer regime. However, they use a different reference velocity 
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and cavity geometry. Further, they did not attempt to measure the vertical variation in pollutant 
density so would not have been able to distinguish between the different stratifications.  
 
Table 2.1: Flow regimes in isolated canyon with aspect ratio 1 based on Richardson number.  
Flow regimes Well-Mixed 
Continuous 
Stratified 
Transition Two-layer stratification 
   0 ---------- 0.09 ------------- 0.3 ---------- 0.8 ------------------------  
 
To illustrate the flow regimes described above, contour plots of the buoyancy field 
for   =0.091, 0.2, 0.6, and 1.5 are shown in Figure 2.15. The plots are all taken when 70% of the 
time taken to flush the cavity completely had elapsed. For the lowest Richardson number flow 
(far left) no significant vertical buoyancy gradients are observed and the horizontally averaged 
buoyancy profile is approximately uniform with height. For   =0.2, the downstream vortex can 
be seen to have penetrated most, but not all, of the way to the cavity base. There are vertical 
gradients but, except right at the base on the downstream end, the gradients are not high. As 
the Richardson number increases further, there is a transition toward a distinct two-layer 
stratification as seen for   =1.5. 
 
Figure 2.15: Buoyancy contour plots for, from left to right,   =0.091, 0.2, 0.6, and 1.5. The plots are taken 
when 70% of the time taken to flush the cavity completely has elapsed.  
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Sample sets of reduced gravity profiles are shown in Figure 2.16 for a range of 
Richardson numbers. For two-layer flow (Figure 2.16d) the gradient at the inflection was large 
compared to the mean gradient across the cavity depth and two layers are clearly identifiable. 
When the density gradient increased monotonically with height, but there was a non-significant 
inflection in the profile, the flow regime was considered as transitional (Figure 2.16c). Though all 
care was taken to eliminate mixing during the setup for each experiment, the canyon would still 
have a slight variation in buoyancy with depth. Therefore, the initial non-dimensional buoyancy 
toward the bottom of the canyon was greater than one. 
 
2.3.2 Buoyancy stratification 
For higher Richardson numbers, a distinct two-layer stratification is observed. The 
height of the interface between these two layers decreases over time as dense fluid is scoured 
off the top of the layer. The measured, horizontally averaged vertical buoyancy profiles were 
analyzed in order to track the interface height over time. The interface height was taken to be 
the point in the normalized buoyancy profiles, ( )  , with the highest vertical gradient: that is, 











         (2.8) 
The thickness of the interface, δ, was assumed to be the vertical distance between the 














(a)       (b) 
      
(c)      (d) 
Figure 2.16: Sample scaled reduced gravity profiles for different flow regimes. (a) Well mixed (  =0.09), 
showing approximately vertical profile lines after the initial vortex penetration phase. (b) Continuously 
stratified (      ), showing decreasing density with height but no clear two-layer structure. (c) 
Transitional (      ), showing profile inflections but no high gradient layer interfaces except very late in 
the test. (d) Two-layer (      ), showing a relatively sharp interface between the lower dense layer and 
the upper ambient layer throughout the experiment. Profiles are at equal time intervals for each test. 
  


























































These two definitions for the interface height and the interface thickness are illustrated in Figure 
2.17. Sample buoyancy and buoyancy gradient profiles at different times for   =1.94 are shown 
in Figure 2.18.  
An example of the interface height (
i ) calculation is shown in Figure 2.19, 
superimposing the graphical horizontal average buoyancy in the cavity over time, τ. Time is 
scaled using the upstream rooftop height velocity and the canyon height to give a reference 





             (2.10) 
 
(a)      (b) 
Figure. 2.17: Graphical illustration of definitions for non-dimensional (a) interface height, i , buoyancy of 




(a)      (b) 
Figure 2.18 (a) buoyancy profiles and (b) corresponding buoyancy gradient, ' . Profiles at equal time 
intervals for   =1.94. The dots represent the interface height and the + signs represent the upper and 
lower limits on the interface. The gradient profiles in (b) are offset from each other for clarity. 
 
 
Figure 2.19: Gray scale image of the horizontal averaged buoyancy profile over time with the calculated 
interface height, i , superimposed as a black line (       ). 





















The interface height (
i ) and interface thickness (δ) were calculated at each time for each 
experiment. As described above, the lower Richardson number experiments exhibited a 
relatively uniform buoyancy profile. Although it was possible to calculate an interface height and 
thickness for low Richardson number experiments, due to small variations in buoyancy with 
height, the layer thickness was always relatively large, and the stratification could not be 
regarded as two-layered. As the Richardson number increased, the calculated interface 
thickness decreased.  
The density profiles for all experiments were examined to determine their interface 
thickness and the predominant flow regime. The various flow regimes, described in the previous 
section, were determined by visual inspection of the time-varying buoyancy profiles. The well-
mixed regime was denoted for buoyancy profiles where the vertical variation in buoyancy was 
small compared to the mean buoyancy in the cavity. The continuously stratified case was 
denoted when there was significant vertical variation but the peak gradient in the profile was 
not significantly larger than the mean gradient. As the Richardson number increased, the 
inflection in the profiles became sharper until, for large Richardson numbers, there was a 
distinct two-layer stratification in which the lower layer was well mixed (low buoyancy gradient 
below the interface). Between the continuously stratified and two-layer regimes was a transition 
region in which there was a sharp inflection, but the fluid below the interface still had a 
significant gradient and was, therefore, not well mixed.  
To illustrate the transition between these flow regimes the largest recorded value for the 
interface thickness δ for each experiment was plotted against the Richardson number (see 
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Figure 2.20). The plot clearly demonstrates that, as the Richardson number increases, the 
interface sharpens.  
 
  
Figure 2.20: Maximum thickness of the density interface and the regime observed in the experiments as a 
function of the Richardson number. 
 
2.3.3 Layer buoyancy decay 
For experiments with high Richardson numbers, the buoyancy profile can be 
approximated by a two-layer stratification with a sharp interface separating the buoyant lower 
layer from the ambient upper layer. Once the interface height ( i ) was calculated, the layer 
buoyancy was taken to be the average buoyancy of all the fluid below the calculated interface, 






























A plot of the layer buoyancy over time is shown in Figure 2.21 for   =1.26. The Figure 
shows that the buoyancy of the lower layer decreases over time indicating that ambient fluid is 
being mixed down into the lower layer. Further, the buoyancy decay rate changes dramatically 
when the density interface gets close to the bottom of the cavity.  
  
Figure 2.21: Plot of the layer buoyancy over the time for   =1.26. the vertical dashed line shows the time 
of buoyancy decay transition. 
 
Defining a region of high shear between the top and the bottom layers (Figure 2.22), 
one possible explanation for this sharp transition is that the shear layer driving the mixing 
reaches the bottom of the cavity and so no source of buoyancy remains to entrain into the 
interface. Assuming the shear layer is symmetric about the interface height, it is possible to 
estimate the shear layer thickness, at the time when the buoyancy decay rate changes, as twice 
the height of the interface. That is 













at the time when the buoyancy decay rate increases. Interestingly, this calculated shear layer 
thickness was larger than the measured buoyancy interface thickness, defined in Figure 2.17, for 
all the experiments performed.  
 
Figure 2.22: Schematic diagram of the high shear region symetric around the density interface. 
 
The ratio of the shear layer thickness,   , to the buoyancy interface thickness,     at the 
time of the buoyancy decay transition was calculated for each experiment and is plotted in 
Figure 2.23. Not only is the shear layer thicker, but the ratio of the thicknesses increases with 
increasing Richardson number. This is consistent with other experimental results for mixing in 
stratified shear flows which show that, for high enough Richardson numbers, the ratio of the 
shear layer thickness to the density step thickness increases with increasing    (Linden, 1979). 
One point of difference between the results of this study and that of Debler and 
Armfield (1997) is that the measurements here indicate that, for the two-layer stratification case 
the density of the lower layer decreases over time. This indicates that the removal process is not 
simply a skimming process, but there is also an exchange flow across the interface in which 





Figure 2.23: Thickness of shear layer divided by the thickness of the density interface as a function of the 
Richardson number at the time of the buoyancy decay transition. 
 
2.4 Flushing parameterization 
In order to quantify the rate at which buoyant fluid is removed from the canyon, the 
total buoyancy in the canyon was calculated at each time step and scaled on the initial total 
buoyancy contained within the canyon. The total scaled buoyancy at any time,  , is the total 
area under the vertical profile of the canyon (for example, in Figure 2.18) scaled on the area 
under the initial profile, that is 
1
0
d              (2.13) 
This scaling is consistent with that used by Chang et al. (2007b) in their LES study of 
aspect ratio two canyons and Caton et al. (2003) in their experimental study of aspect ratio one 



















2. 4.1 Exponential decay rate 
Caton et al., (2003) indicates that the flushing of a finite volume of neutrally buoyant 
tracer from a canyon can be approximated by a first-order exchange process with a constant 
decay coefficient , so:  
 
  
               (2.14) 
where   and    are the spatially averaged concentration at any time,  , and  =0 respectively.   
is the decay coefficient with units of 1/s. In the non-dimensional form the total concentration 
decay is 
ke             (2.15) 
in which   is the non-dimensional decay rate coefficient,        .  
In order to quantify the effect of buoyancy on the flushing process, the total buoyancy 
decay profile was calculated for all 26 experiments using (2.13). Figure 2.24 and 2.25 show the 
examples of buoyancy effects on flushing profile, decay rate, and trapping time. The semi-log 
plots show the exponential decay as a straight line. 
Decay curves in Figure 2.24 shows that for low Richardson numbers, the exponential 
function well represents the decay of buoyancy in the canyon. For the case of a dense fluid in 
the canyon, the decay rate was observed to be lower and to vary over time (see Chang et al., 
2007b). The exponential decay rate increases over time since the buoyancy of the layer 
decreases during the purging process (Figure 2.24b). However, the initial 40-70% of the 




(a)      (b) 
Figure 2.24: Buoyancy volume variation in the canyon for two tests with   =0.16 and 0.091 where (a) is a  
linear-linear scale plot and (b) a linear-log scale plot of the same data. 
 
The constant initial decay rate ( ) was calculated for each finite release experiment 
using data in the range of   Γ  Γ  where Γ  is the maximum extent of the initial exponential 
decay. As an example, the dashed line in Figure 2.25 schematically illustrates how the 
exponential decay was fitted and Γ  was obtained. The slope of the line is the exponential rate, 
 , for any given experiment. 
The decay constant   was calculated for each Richardson number and results are 
plotted in Figure 2.26. It is reasonable to assume that for very low Richardson number flows 
(    ) the decay rate will be independent of    and will approach a constant. Further, the 
data suggest that the decay rate is a power law function of the Richardson number for 

































         (2.16) 
A function of this form was fitted through the experimental data. The neutrally buoyant 
data point  0 0.024k Ri    from Caton et al. (2003) was shown in comparison with current 
data. A least squares fit gave the non-dimensional coefficients in (2.16) as    18,    84, and 
   1.21. The data for   vs    along with the curve fit are shown in Figure 2.26 showing that 
Eq.2.16 represents the data very well.  
 
Figure 2.25: Buoyancy volume variation in the canyon for different Richardson numbers on a log- linear 
scale (from right to left,   = 4.1, 3.2, 1.26, 0.53, 0.091). Γe is the maximum extent of the initial exponential 
decay. 
The exponential decay coefficients presented above are based on curve fits through 
data for the first stage of the flushing. It is expected that the exponential equation 
overestimates the time required to flush all the pollutant from the cavity for higher Richardson 
number flows as, in these cases, the actual decay rate was observed to increase over time (see 
Figure 2.25).  
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Figure 2.26: Decay rate coefficient for the initial 50% of the buoyancy removal. The horizontal line 
is   0.024 found by Caton et al. (2003) for flushing a neutrally buoyant fluid. The dashed line shows the 
empirical equation (2.16) for   (  ). 
  
Figure 2.27: Non-dimensional time required to flush 90% of the buoyancy in the canyon, comparison of 
experimental and calculated data. The horizontal line is calculated from the results of Caton et al. (2003) 



























The effect of   value reduction is clear in Figure 2.27 which compares the measured time to 
flush 90% of the buoyant fluid with the time calculated, assuming that the buoyancy decays 
exponentially with a constant decay rate given by (2.16). As expected, the exponential decay 
model consistently over estimates the time taken to flush 90% of the pollutant. 
 
2.5 Conclusion 
A series of experiments were run to understand the mechanics of flushing a dense fluid 
from a cavity and to quantify the rate of flushing by a turbulent shear flow passing over the 
cavity top. Experiments were run for a broad range of Richardson numbers. The experiments 
were conducted in a water flume with using salt water as the dense fluid and fresh water for the 
ambient fluid. The density of the fluid in the cavity was measured continuously during the 
experiment using a light attenuation technique. The technique allowed mean vertical buoyancy 
profiles to be calculated at any time during the experiment.  
 
When the flow first starts, the density interface at the top of the cavity is deflected 
down at the upstream end and up at the downstream end of the cavity. The deflection develops 
into a wave that travels across the top of the interface and generates a vortex that penetrates 
down the downstream cavity wall into the dense layer. The initial angle of deflection and vortex 
penetration depth are functions of the flow Richardson number. After this initial transient, a 
steady flushing flow is established. The buoyancy profiles exhibited three distinct flow regimes. 
For low Richardson numbers, the cavity remained well mixed and the buoyancy decayed 
exponentially over time. As the Richardson number increased, the cavity became stratified with 
the buoyancy increasing smoothly with height. For high Richardson numbers, a two-layer 
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stratification was observed in which a sharp density interface separated a well-mixed lower 
layer from the upper ambient layer. The thickness of the density interface decreased with 
increasing Richardson number (see Figure 2.20).  
For the high Richardson number experiments, the density of the lower layer decreased 
linearly with time until the interface approached the cavity base. At this point the rate of decay 
of the layer buoyancy suddenly increased. The ratio of the distance of the interface from the 
cavity base to the interface thickness (defined in Figure 2.17) increased as the Richardson 
number increased (see Figure 2.23). This is consistent with the work of Linden (1979) who 
suggested that, for high Richardson number shear driven mixing in stratified flows, the ratio of 
the shear layer thickness to the buoyancy interface thickness should increase with an increasing 
Richardson number.  
For the neutrally buoyant case the tracer concentration decays exponentially with time. 
This is also observed to be true for flushing the first half of a dense fluid. However, there are two 
major differences. First, the decay rate decreases with an increasing Richardson number as the 
density stratification suppresses vertical mixing (see Figure 2.25). Second, the decay rate 
increases over time as the stratification decreases, reducing its ability to prevent mixing (see 
Figure 2.24). The non-dimensional decay rate for flushing the first half of the pollutant was 
plotted against the Richardson number and shows that as the Richardson number increases, the 
decay rate is well represented by a power law function, whereas for low   , the decay rate 
approaches the neutrally buoyant value measured by Caton et al. (2003). The initial decay rate is 
well represented by an empirical expression given in (2.16). Measurements were also made for 
the time taken to flush 90% of the dense fluid form the cavity. The results show that using the 
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exponential decay rate from the first 50% will overestimate the time taken to flush 90%. This is 
due to the increase in decay rate over time as the stratification in the cavity becomes weaker.  
Unlike in previous studies, present measurements indicate that the density of the layer 
decreases over time due to mixing across the interface and, therefore, flushing is due both to 






EFFECT OF CANYON ASPECT RATIO  
 
This chapter presents an experimental investigation of the effect of canyon aspect ratio 
on the flushing of a dense fluid from a canyon. Four series of experiments for different aspect 
ratios (η=0.45, 0.75, 1, 2) were conducted for a range of Richardson numbers. Not only did the 
flushing rate vary with both aspect ratio and Richardson number, but a range of flow regimes 
were observed exhibiting different flow kinematics. The qualitative and quantitative results for 
64 experiments are discussed and compared. 
 
3.1 Introduction 
Pollutant mixing and transfer is dependent on the flow structure within the urban 
canyon. The influence of canyon aspect ratio, η, on the kinematics of urban canyon flow has 
been studied extensively. Three basic flow phenomena have been identified (Oke, 1988, Xie et 
al., 2007; Soulhac et al., 2008): Isolated roughness flow (> 6.67) in which the atmospheric 
boundary layer (ABL) fully re-attaches between buildings, wake interference flow (1.54 <  < 
6.67) in which the ABL does not fully re-attach and downwind buildings feel the effect of the 
wake behind any upstream buildings, and skimming flow ( <1.54) in which the ABL skims over 
the top of buildings and flow between buildings is driven by shear at the top the canyon formed 
by the buildings. The majority of studies on urban canyon flow are based on these categories to 
describe the kinematics in canyon. 
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The presence of recirculating cells and the number of vortices in the canyon can affect 
the pollution dispersion (Li et al. 2007). In a study by Simoens et al. (2007) the extent of the 
recirculation zone formed between the buildings was examined as a function of η. They showed 
that, for 61  the cavity flow is dominated by a single vortex. A small secondary vortex 
develops at street level next to the upstream building for 2 . For 6 , a secondary vortex 
forms at the downwind end of the canyon and the flow fully reattaches to the street level for 
8 . Aspect ratios less than one were not considered in that study.  
Baik et al. (2000) used a water flume to study the flow structure in canyons with 
different building heights and canyon aspect ratios of 0.33, 0.42, 0.5, 0.66, 1.They reported one 
vortex for η>0.5 and two counter rotating vortices for η<0.5. Sini et al. (1996) found that if the 
street is not symmetrical, or if it is narrow (η<0.66), then two counter-rotating cells may form 
(Soulhac et al., 2008). Cheng et al. (2008) modeled street canyon ventilation and pollutant 
removal, through a computational and analytical study. They considered aspect ratios 0.5, 1 and 
2. It was found that the flushing time for a pollutant was a maximum for an aspect ratio of η 
=0.5 indicating that a longer time was required to flush a pollutant from the narrowest canyon 
investigated. Generally, the wider the canyon, the more rapidly a pollutant is flushed out as the 
ambient flow more easily penetrates down into the canyon (Park et al., 2004). Liu et al. (2005) 
also shows that for aspect ratio 2 the concentration is 67% lower than aspect ratio one and 0.5. 
A study by Chang and Meroney (2003), for 3D urban street canyons, also showed that 
there are three flow regimes (skimming, wake interference and isolated roughness flow). It was 
reported that for the wake-interference regime, the higher pollutant concentration occurs on 
the upwind end of the canyon since the pressure is low and tends to draw pollutant into the 
cavity zone close to the upwind wall. 
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Pollution dispersion studies that considered canyon aspect ratio have focused almost 
exclusively on neutrally buoyant pollutants (Soulhac et al., 2008; Simoens et al., 2007; Park et 
al., 2004; Chang and Meroney, 2003; Liu et al., 2005; Cheng et al., 2008). There are some studies 
looking at thermal buoyancy effect in the canyon with different aspect ratios (Kim and Baik 
2001; Xie et al., 2007; Cheng et al., 2009; Liu et al., 2003; Li et al., 2005). The buoyancy of the 
pollutant or thermal changes can affect the flow structure and the strength of the vortices in the 
canyon. It was shown that for some cases the thermal buoyancy can change the flow regime 
(defined based on Oke 1998) from one to another. As an example, heating the windward wall of 
the canyon causes multiple vortices in the canyon rather than one single stable vortex. This flow 
change can result in a reduction in the flushing rate since the pollutant is trapped longer in the 
recirculating flows (Sini et al., 1996). Thermal buoyancy also affects the pollution transport from 
the canyon. Unstable atmospheric conditions increase the rate of pollutant flushing due to a 
higher level of vertical mixing. Kim and Baik (2005) showed that heating the bottom of the 
canyon can strengthen the vortex so the rate of pollutant mixing is increased. 
Besides thermal buoyancy, a dense pollutant has the potential to significantly alter the 
flow kinematics in different aspect ratio canyons, and requires detailed investigation. Debler and 
Armfield (1997) considered different aspect ratios (1<η<16.7) for rectangular and trapezoidal 
cavity geometries over a range of Richardson numbers ( 0.45 31Ri  ). Another study on 
purging dense fluid from a wide trapezoidal cavities (η>5) under shallow water was undertaken 
experimentally, numerically, and analytically by Kirkpatrick et al., (2012). They examined shallow 
flow over a wide trapezoidal cavity. The in-cavity flow structure was different than the flow 
observed for canyons with vertical walls. The in-cavity vortex structure and the skimming 
process were mainly due to the separated shear layer above the cavity. Debler and Armfield 
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(1997) showed that for very wide trapezoidal cavities, there is no flow separation at the leading 
edge.  
They also demonstrated that in addition to the canyon aspect ratio and the buoyancy, 
the canyon geometry and number of upstream canyons (or cavities) significantly affect the 
pollutant removal rate. It was shown that, compared to the single cavity, the multi-upstream 
cavity case increases the pollutant exchange rate due to the generation of turbulence upstream. 
However, Chang and Meroney (2003) demonstrated that, compared to a single canyon 
geometry, the upstream buildings have a sheltering effect for pollution transport. Because there 
is no flow separation at the leading edge of the isolated canyon generating extra turbulence and 
vortices (Figure 1.2).  
In this study, assuming an open country street canyon, all aspect ratio models are used 
as single canyons. The flushing of dense fluid is considered for 4 different aspect ratios (Eq. 1.1) 
               . Experiments were run for a broad range of Richardson numbers (     
    ) for each aspect ratio. The remainder of the chapter is structured as follows. The 
experimental technique and procedure is described in section 3.2. Experimental results 
investigating the effect of aspect ratio are presented in section 3.3. Transition in behavior from 
the initial purging to the later mixing is discussed in section 3.4, the comparison of existing data 
with this study results is presented in section 3.5 and conclusions are drawn in section 3.6.  
 
3.2 Experimental procedure  
A series of experiments were conducted to examine the effect of aspect ratio on the 
time taken to flush a finite volume of dense fluid from a model canyon. These experiments 
employed the same set-up and procedure explained in the past chapter for a total of 64 
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experiments. Two parallel square prisms with a height and width of 10 cm, separated from each 
other by 4.5, 7.5, 10 and 20 cm, formed the cavities of aspect ratios                 
respectively. 
The surface roughness morphology for this series of experiments was kept the same as 
that employed for the experiments for aspect ratio η=1 presented in the previous chapter (a 
level gravel bed of d84=1.14 cm). Analysis of the boundary layer produced by the aggregate bed 
led to an estimate of the surface roughness height of z0=0.24 cm, a Jensen number of Je=42, and 
a prism top upstream turbulence intensity of            . 
 
3.3 Flow characteristics 
The general purging process observed was similar to that reported in the previous 
chapter for a canyon with aspect ratio one and by Armfield and Debler (1993). A fast initial stage 
of purging occurred after abruptly initiating the flow. The interface was deflected and a slug of 
dense fluid was ejected out of the canyon (first row in Figure 3.1). The maximum vertical 
deflection of the interface,    , during the initial purging is plotted as a function of the 
Richardson number in Figure 3.2. It is shown that changing η affects the deflection depth but 
looking at the Figure 3.3 Indicates that only wide canyon (η=2) has influence on the initial slop of 
the interface surface. At a later stage a vortex formed over the interface surface due to the 
upstream flow separation and gradually moved into the canyon removing the dense fluid (5th 
row in Figure 3.1). Observations indicate that at high aspect ratios (e.g. η=2 in this study) the 
shear flow and initial vortex penetrate more deeply into the canyon compared to η=1. For 
narrower canyons, the external flow skims the canyon mouth without penetrating vertically 
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down so the initial deflection decreases compared to higher aspect ratios. Further, the initial 
splash of dense fluid at this first stage is considerably lower for lower aspect ratios canyons. 
In Figure 3.1 for all aspect ratios the steady vortex near the downstream wall and 
consequently higher leeward side concentration are discernable at the later stages. The initial 
purging process is qualitatively the same for all Richardson numbers and aspect ratios. However, 
after the initial purge, the different flow regimes (well-mixed, continuously stratified, or two-
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 Figure 3.1: False color images of the flushing of canyons of different aspect ratio for   ≈0.4. First row 
shows the initial deflection and flow penetration into the dense layer for different aspect ratios. The times 
for each image are: =0.45,      =3.5, 6, 13, 16, 158, 657; η=0.75,     =4, 7, 15, 20, 85, 180  =1,      
=5, 7, 14.5, 78, 103.5, 145;  =2,      = 12.5, 16, 24, 50, 106, 143. 
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Figure 3.3: Initial slope of interface surface observed for each aspect ratio, as a function of the    number. 
 
In the previous chapter the effect of buoyancy on the flow regime was explained in 
detail. For very low Richardson number the vortex inside the canyon is strong enough to fully 
penetrate the fresh water into the dense layer. The vortex can overturn the dense fluid and 
occupy the whole canyon. This results in a well-mixed canyon with exponential concentration 
decay throughout the flushing process. For higher Richardson numbers, turbulent mixing and 
the large vortex creates an interfacial layer between the bottom dense and top fresh layer. The 
density stratification in this interface varies continuously over the depth of the canyon. 
Depending on the thickness of this interface, δ, the regime inside the canyon changes from 
continuously stratified (high δ value) to a two-layer flow (low δ value). 
The canyon aspect ratio influences the flow regime as well. As shown in Figure 3.1 a 
smaller aspect ratio cavity, that is tall and narrow cavity, maintained a stronger stratification at 
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penetrate as deeply into narrower cavities compared to those with larger aspect ratios. 
Increasing the aspect ratio is qualitatively analogous to decreasing the Richardson number. As  
increases, the initial penetration depth increases and the interface becomes more diffuse and 
thicker. Figure 3.4 shows the maximum interface thickness δ (based on the definition shown in 
Figure 2.17) observed during each experiment. As explained in chapter two increasing the 
Richardson number decreases the thickness of the interface layer. The peak density interface 
thickness is also strongly influenced by the canyon aspect ratio. For example, for a Richardson 
number of   =0.5, the interface thickness was measured to range from δ=0.2 for η=0.45 up to 
δ=1.0 for η=2.  Narrower canyons (lower aspect ratio) produce thinner density interfaces and 
hence more stable stratifications.  
 
Figure 3.4: Maximum thickness of the density interface, observed for each aspect ratio, as a function of 
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Generally when the vortex cannot penetrate into the dense layer (due to either high 
Richardson number or narrow width of the canyon) the purging phenomena is mainly 
performed by scouring the salt water from the interface surface. In this regime the interface is 
thin (δ is small) and a two-layer stratification is observed. For lower Richardson numbers or 
wider canyons, the interfacial mixing increases, the interface is considerably thicker and the 
density stratification is less stable.  
Figure 3.5 shows example profiles of different regimes in different aspect ratios when 
the Richardson number is constant. Vertical buoyancy profiles at different times and the canyon 
concentration contours half way through the flushing process are shown together.  
 
             (a) η=2                                                          (b) η=1 
Figure 3.5: figure continues in next page 
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          (c) η=0.75                                               (d) η=0.45 
 
Figure 3.5: Contour plot images of the canyon concentration of different aspect ratio for   ≈0.4 at 1/2 
total time of flushing, along with the buoyancy profile at the equal time intervals during the test. a) 
continuously stratified flow, b&c) transition flow , d) two-layer stratification. 
 
A clear difference between Figure 3.5 and results from cavity geometry studies is that 
dense fluid is drawn upstream on top of the upstream building due to the flow separation at 
that buildings leading edge. This is not observed in studies of cavities where there is no 
upstream flow separation. However, just as in neutral pollutant studies (e.g. Cheng et al., 2008), 
the pollutant concentration at the leeward side of the canyon is higher than the windward side 
because of the stationary vortex at the windward end of the canyon pushing dense polluted 





















The dominant flow regime that followed the initial purge was established for each 
experiment based on analysis of the vertical buoyancy profiles measured over the course of the 
test. The regimes are denoted as well-mixed (later stages of Figure 3.5a) when there is no 
significant vertical variation in buoyancy with height; continuously stratified when there is 
significant vertical variation in buoyancy, but the peak buoyancy gradient is similar to the mean 
buoyancy gradient (Figure 3.5a); and two-layered in which there is a clear two-layer 
stratification with a well-mixed lower layer and a sharp interface between the layers (Figures 
3.5d). A transition regime is also included in which there is a region of relatively high buoyancy 
gradient, but there is no well-mixed lower layer (Figure 3.5b, c). 
A regime diagram showing the observed flow regimes in Richardson number, aspect 
ratio space is shown in Figure 3.6.  
   
Figure 3.6: The flow regime observed as a function of the Richardson number and aspect ratio. Stars 
represent well-mixed flow; triangles, the continuously stratified flow; diamonds, transition state and 














Each regime is shown with a different symbol. Approximate regime boundaries are also 
shown. As observed above, the higher the Richardson number and lower the aspect ratio the 
more stable the stratification. 
For higher Richardson numbers the dense layer can significantly alter the flow 
kinematics. As noted above, the flow kinematics for a neutrally buoyant fluid depends on the 
aspect ratio. For high Richardson number flows, the dense lower layer inhibits vertical mixing 
and acts as a (soft) canyon base. Therefore, the flow kinematics is controlled by the effective 
canyon aspect ratio which is the width of the canyon divided by the vertical distance from the 
top of the canyon the density interface at the top of the dense lower layer. As the lower layer is 
eroded the effective aspect ratio changes resulting in different flow kinematics. For example, for 
very high Richardson numbers and wider canyons, no vortex can form within the canyon and the 
initial flushing is due to flow splashing from the up- and down-stream corners (Figure 3.7a). 
However, as the interface gets lower the aspect ratio decreases and a scouring vortex is 
established in the canyon (Figure 3.7b).  
  
(a)       (b) 
Figure 3.7: Examples showing the removal mechanism at η =2 before and after vortex formation. The 




Figure 3.8 shows the effective aspect ratio once the vortex has formed as a function of 
the Richardson number. For high Richardson numbers, the vortex forms at the same aspect ratio 
(η≈ 4.5) for all models. For lower Richardson number, a steady vortex formed in the canyon at 
the beginning of the experiment. 
 
Figure 3.8: the interface height at the time of formation of the steady vortex at the downstream end of 
the canyon with η=0.45, 0.75,1,2.  
 
3.4 Flushing rate and trapping time: 
As was shown, canyon aspect ratio is an important parameter affecting the regime of the 
flow, buoyancy stratification and the vortex formation in the canyon. With the changes in flow 
structure, the rate of the pollution dispersion from the canyon varies. For example in a narrow 
canyon it is expected that the lateral restriction on the vortex reduces the pollutant removal 
rate as the rotating flow inside the canyon is not able to grow vertically (due to the width 
limitation) and reach deep into the canyon. To quantify the effect of aspect ratio on the 






















experiments. Figure 3.9 compares of the effects of the buoyancy (Figure 3.9a) with the effects of 
the aspect ratio (Figure 3.9b) on the flushing rate. The slop of the straight line shows the 
exponential decay, k. 
 
   
Figure 3.9: Buoyancy decay comparison for a) different Richardson numbers with aspect ratio=1, b) 
different aspect rations and   ≈0.4. 
 
For both sets of data shown in Figure 3.9a&b, the first phase of flushing decay (ignoring 
the initial splash and interfacial waves that cause an initial flushing at a slightly higher rate) is 
observed to be exponential. Exponential decay curves of the form given by (2.15) were fitted 
through   Γ  Γ  , the range in which decay rate is exponential, and the decay constant   was 
calculated. The value of Γ  changes, depending on the aspect ratio and Richardson number of 
the flow. The variation of Γ  versus    number for different aspect ratios is discussed in detail in 
the next section. The decay constant   was calculated for each Richardson number and aspect 
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ratio tested. Results are plotted versus Richardson number in Figure 3.10 for different aspect 
ratios. 
As expected from the previous chapter, for a constant η, the rate of flushing increases 
as    decreases and the stratification in the canyon becomes less stable. Comparing the results 
for all aspect ratios shows that, with the exception of η=0.45, the initial exponential decay rate 
varies only slightly with η. Since the maximum rate of flushing is expected to be observed for a 
neutrally buoyant pollutant,   values calculated from Caton et al.(2003) were used as a point of 
comparison. The upper limit for η=1. Caton’s experimental data is relatively close to this study 
result for η=1 (though it should be noted that Caton et al., 2003 used a cavity rather that canyon 
geometry). Following the same arguments for equation (2.16), an empirical equation for   was 
found for each aspect ratio. The coefficients are presented in table 3.1. Figure 3.10 contains 
trend lines for η=1 & 0.45.  
 
Figure 3.10: The exponential decay rate coefficients for all aspect ratios. Dashed line shows the   upper 
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) for different aspect ratios. 
η a b c R2 
1 18 84 1.21 0.98 
2 16.5 91.6 1.19 0.93 
0.75 21 109 1.2 0.95 
0.45 31 79 1.3 0.94 
 
Figure 3.10 only quantifies the rate of flushing in the first part of the experiment. To 
examine the later stages of the flushing process, the time taken to flush 90% of the initial 
buoyancy,     , was measured. The resulting times are plotted in Figure 3.11 as a function of 
Richardson number for each aspect ratio. As is expected from chapter two, the trapping time 
increases with Richardson number for each aspect ratio. Based on the initial decay rate data 
(Figure 3.10), the aspect ratio one and two canyons showed similar results. The trapping time 
for η=0.75 is slightly higher than that for aspect ratio one, while for η=0.45, a dramatic change in 
     was observed (Figure 3.11). The increasing trapping time with decreasing aspect ratio is 
consistent with the case of flushing neutral pollutant tested by Cheng et al., (2008) who showed 
that when η=0.5 the air quality is the worse than for η=1&2 because of slower pollutant 
flushing. Following the same reasoning to establish the form of (2.16) the data should be well 
described by a function of the form 
 90%
c
a bRi   .         (3.1) 
Table 3.2 shows the coefficients of the best fitted curves in form of (3.1). The results for η=1 & 




Figure 3. 11: The time of flushing 90% of the canyon buoyancy for all aspect ratios. Solid lines are 
examples of Eq.3.1 for η=1 &0.45. Dashed line compare the extrapolated τ90% from Eq.(2.16) for η=1. 
 
Table 3.2: Curve fitting coefficients in Eq. 3.1 for different aspect ratios. 
η a b c R2 
1 22.5 84 1.3 0.95 
2 27 84 1.25 0.99 
0.75 23 86.5 1.35 0.93 
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The analytical work of Caton et al. (2003) implies that, for an external flow with low 
turbulence, the decay rate,   is  
              (3.2) 
where   is a non-dimensional parameter dependent on the shear layer turbulence intensity,  , 
and for high inflow turbulence, the decay rate is  
       




    
         (3.3) 
where   is the turbulence length scale of the external flow and    is a constant. Therefore, 
flushing times based on Caton’s equation are expected to be independent of canyon aspect ratio 
in case of low external turbulent flow. For high turbulent flow the time of flushing should 
decrease for narrower canyons based on (3.3). This is not observed in the experiments for dense 
fluid flushing presented here. As the aspect ratio decreases (W decreases), the decay constant 
decreases and the total flushing time increases.  
 
3.5 Flushing mechanisms 
The above sections have focused on qualifying the flow regimes observed and 
quantifying the flushing rate for different aspect ratios over a range of Richardson numbers. This 
section presents a detailed discussion of the various mixing mechanisms that were observed and 
that can be inferred from the flushing data. As shown above for all experiments, the initial decay 
in total buoyancy is exponential. After this initial exponential phase, the flushing rate,  , varies. 
The time and nature of this change depends on the canyon aspect ratio.  
For low Richardson numbers the dense fluid in the canyon rapidly gets mixed, reducing 
the mean buoyancy in the canyon and, therefore, reducing the instantaneous Richardson 
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number based on the total canyon height. This in turn results in the exponential flushing rate ( ) 
increasing (e.g. Figure 3.9a). However, for larger Richardson numbers a stable stratification 
develops in which there is a clearly distinct dense lower layer. Over time this layer is thinned and 
the buoyancy of the layer decreases. As the buoyancy interface moves further away from the 
top of the canyon more work is required to raise the dense fluid up into the ambient flow above. 
Therefore, there are two competing changes that influence the flushing rate, the reduction in 
mean buoyancy and the increase in height over which dense fluid must be lifted in order to flush 
it. If the rate of reduction of the layer buoyancy (mixing into the layer) is rapid enough then the 
mean flow is able to continue flushing the diluted fluid at a relatively constant exponential rate 
(later profile in Figure 3.9a). However, for a two-layer stratification, if the mixing across the 
interface is significantly suppressed by for example a narrow canyon or high Richardson number, 
then a point is reached at which the flushing rate,  , must decrease. This can be seen most 
clearly in Figure 3.9b for the narrowest canyon,  0.45  , and in Figure 3.12a&b as the 
Richardson number increases.  
Figures 3.12 a&b show the flushing decay changing due to increasing    number for 
η=0.75 and 0.45 respectively. Comparing these two graphs with the decay profiles for canyon 
aspect ratio in Figure 3.9a clearly demonstrate the aspect ratio influence on flushing rate. In 
Figure 3.9a for the canyon with aspect ratio one, the range of exponential decay (    ) 
increases with increasing    number. However for narrow canyons the side walls inhibit the 
vertical penetration of the vortex which reduces the mixing at the interface and hence flushing 
rate,   (Figure 3.12). Figure 3.13 compares the fraction of the initial buoyancy flushed during the 
exponential decay for the different aspect ratio experiments. The fraction of total buoyancy 
flushed during the initial purge (  Γ ) for the tall and narrow canyon with η=0.45 is different 
75 
 
from those of the other aspect ratios (Figure 3.13). A more detailed discussion of the initial 

































Figure 3.13: Fraction of the total buoyancy flushed during the initial exponential decay (  Γ ) versus 
   number for. η=0.45, 0.75, -1, 2. 
 
3.6. Comparison with the other studies  
There are multiple studies in the literature that have presented results of individual 
experiments or simulations that consider flushing of a dense fluid from a cavity or canyon (see 
table 3.3). In this section these results are compared to the empirical expressions developed in 
this study. For each published result, the estimated decay rate,  , is calculated using (2.16) and 
compared to the published flushing rate in Figure 3.14. Excluding Caton et al. (2003) and Chang 
et al. (2007b), the exponential rate of pollutant removal from the canyon,  , for all the 
numerical or experimental data in table 3.3 was calculated from steady state experiments or 
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           (3.4) 
Which    is the time scale for flushing, given by 
    
   
 
.          (3.5) 
which    is the average pollution concentration in the canyon, V is the volume of the canyon and 
Q is the rate at which pollution is released from a ground source. The reference velocity used in 
each study is either the upstream velocity which is assumed to be uniform (e.g. Cheng and Liu 
2011) or the velocity at a reference height above the plane of the canyon top (e.g. Cheng et al., 
2009). 
Table 3.3: Some studies on the effect of aspect ratio and Richardson number. 
  η Ri 




 Chang et al., 2007b 2 0, 0.2 0 channel flow CFD 
Caton et al., 2003 1 0 0 free stream flow EXP 
Cheng and Liu 2011 1 0, 0.18, 0.35 1 free stream flow CFD 
Cheng et al., 2009 1 0 6 power law CFD 
Liu et al., 2005 0.5,1,2 0   free stream flow CFD 
Cheng et al., 2008 0.5,1,2 0 6 free stream flow CFD 
 
To compare the calculated   from (2.16) with the existing data, the corresponding 
coefficients in table 3.2 were employed for different aspect ratios (η=0.5, 1, 2). The coefficients 
for η=0.75 and 0.45 in that table were used to interpolate an equation for η=0.5. For the 
experiments published in this paper, 90% of the experimental data fell between ±40% of 
equation (2.16). This error range is indicated by the dashed lines in Figure 3.14. There are clearly 
78 
 
significant differences between the empirical prediction of the flushing time based on the 
experiments conducted in this study, and those previously published in the literature. In fact 
there are significant differences between the previously published studies. For example, the 
second top row of five points are all for a square cavity and   =0. The   values for these points 
range from 0.01 to 0.025.  
 
Figure 3.14: Comparison of initial flushing rate based on Eq.2.16 and previously published data. The 
hollow symbols are based on published decay rates from finite release studies and the solid symbols are 
based on steady-state studies using Eq. (3.4 & 3.5). The solid line is the line of 100% agreement, dashed 
lines shows 40% error. 
 
All of the data from previous studies lie above the line implying that the measured decay rates 
are smaller than those measured in this study. There are a number of explanations for this. First, 
the different studies use different reference velocities for scaling time. The most significant 
difference however is the geometry. In all the previously published data in table 3.3 the multiple 
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study we focused on street canyon (suitable for open country). As shown in chapter one, Figure 
1.2, for the cavity geometry case, the upstream flow has been a skimming flow with the 
boundary layer flowing at roof height, whereas, in the case of an isolated canyon, the boundary 
layer is at ground level. The resulting flow separation over the roof top significantly alters the 
flow kinematics and results in higher velocities over the top of the cavity compared to a fully 
developed boundary layer skimming over the roof top. 
 
3.7. Conclusions 
In this study the effect of aspect ratio on flushing a dense fluid from a canyon was 
examined. Four series of experiments for different aspect ratios (η=0.45, 0.75, 1, 2) were 
presented and the qualitative and quantitative results were discussed. Each series of tests was 
conducted for a range of Richardson numbers.  
It was shown that increasing the Richardson number and decreasing the aspect ratio 
results in a stronger stratification. The effect of aspect ratio on the initial flushing is discernible 
from the interface deflection depth which increases with η (Figure 3.2). The in-canyon flow 
regime also changes as a result of changing the aspect ratio. For large aspect ratios, the vortex in 
the canyon penetrates more deeply into the dense layer compared to the narrow canyon. As a 
result, the density interface gets more diffuse and thicker and a weaker stratification is 
maintained compared to the lower aspect ratios (Figure 3.4 & 3.6). The flushing rate is also 
influenced by changing η. A small canyon width restricts the vortex size and strength. Therefore, 
less dense fluid is skimmed from the top of the dense layer and the flushing time increases. Thus 
narrow street canyons represent the worst case in terms of ventilation. For aspect ratio two, 
although the flow regime is different, the flushing rate and time are similar to those for η=1.  
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For all aspect ratios the concentration is higher at the leeward side of the canyon, due 
to the counterclockwise vortex located at the downstream side of the canyon (first row in Figure 
3.1). This is consistent with studies that examined the flushing of a neutrally buoyant pollutant 





EFFECT OF UPSTREAM SURFACE ROUGHNESS 
 
In this chapter the effect of upstream surface roughness on the pollutant removal from 
a single canyon is investigated experimentally. Three series of tests for different upstream 
surface roughness (d84= 1.14, 0.83 and 0.0 cm) were conducted for a range of Richardson 
numbers. The results are discussed both qualitatively and quantitatively in order to compare the 
flushing rate and canyon flow regimes under each boundary condition, smooth and rough 
 
4.1 Introduction 
The upstream terrain has a significant effect on the wind flow in an urban area and it is 
usually parameterized in terms of a surface roughness length. The surface roughness height (
0z ) 
affects the boundary layer turbulence (Jensen 1958, Roth 2000, Al-Jiboori, 2005) and hence the 
dispersion process (Deaves 1992, Roberts et al., 1994, Pascheke et al., 2008). Based on 
Macdonald et al. (1997), larger surface roughness generates high turbulence around the 
obstacles and within the urban canopy layer. The upstream flow condition, the surface 
roughness length scale,    and especially turbulent intensity are reported as important 
parameters in urban canyon studies (Sini et al., 1996). A number of different studies indicate 
that the turbulence properties of the upstream flow effect the dispersion of a neutrally buoyant 
pollutant (Caton et al., 2003, Kim and Baik 2003, Huang et al., 2000, Rotach, 1999). An analytical 
study by Caton et al., 2003 showed that the flushing timescale (the time to complete the 
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ventilation and removal process) of a neutrally buoyant pollutant decreases by increasing the 
external velocity, turbulence intensity, and turbulence length scale.  
Kim and Baik (2005) experimentally, and Kim and Baik (2003) numerically, investigated 
the effect of Inflow turbulent intensity on the in-canyon flow. It was shown that increasing the 
turbulent intensity raises the turbulent kinetic energy, increases turbulent mixing and enhances 
the pollutant flushing rate. Huang et al. (2000) mentioned that both the turbulent intensity 
profile and mean velocity profile of the upstream flow are important factors in urban pollution 
dispersion.  
Cheng et al. (2008) emphasized that both the mean flow and the turbulence parameters 
influence the ventilation process of neutral buoyancy pollutants. They demonstrated that the 
mean flow induces pollutant removal at the windward side and the turbulence induces 
ventilation at the leeward side of the canyon. Chang et al. (2007a& b) examined the difference 
between a laminar and a turbulent upstream boundary layer for negatively buoyant pollution. It 
was shown that the turbulence intensity accelerates the flushing rate of the pollutant due to a 
stronger and bigger vortex within the cavity.  
The majority of cavity flushing studies use only the upstream boundary layer mean 
velocity to parameterize the flow (e.g. Strang and Fernando, 2004). In case of shallow upstream 
flow the depth of the layer was also considered as an important parameter (e.g. Armfield and 
Debler 1993; Debler and Armfield 1997; Kirkpatrick and Armfield 2005 and Kirkpatrick and 
Armfield, 2012). Debler and Armfield (1997) used a hand-held food mixer at the upstream of the 
cavity in several of their experiments to investigate effects from upstream turbulence on the 
rate of purging. Considering that the scale of the turbulence generated was small compared to 
the flow, no significant change was observed in the results. 
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The study presented herein examines the role of three different upstream boundary 
layer properties on the flushing time for a dense pollutant. In total 54 experiments were run for 
a range of Richardson numbers for the upstream topography considered. Section 4.2 describes 
the experimental procedure and section 4.3 describes the results and the effect of different 
upstream boundary layer properties on canyon flow regime. The flushing rate and mechanism 
are discussed in section 4.4 and 4.5 respectively. The conclusion is presented in section 4.6. 
 
4.2 Experimental procedure  
In general, the surface morphology should be considered as a parameter in any model. 
Larger surface roughness generates higher turbulence within the urban canopy layer. It is 
therefore important to know the roughness length used in any experimental model (Macdonald 
et al. 1997).  
To investigate the effect of upstream surface roughness and consequent change in 
inflow turbulence properties, a series of experiments were run using a canyon model with 
aspect ratio η=1 and two different upstream surface morphologies created using a gravel bed of 
aggregate sizes d84=0.83 cm and d84=1.14 cm. A further set of tests were run for a smooth plate 
upstream of the test section. The velocity profiles and the effective aerodynamic surface 
roughness estimation (based on Smart, 1999) for each upstream morphology are shown in 
Figure 4.1a,b&c. The turbulence intensity profiles are shown in Figure 4.1d. During each 
experiment the mean velocity (U ) and turbulence intensity ( I ) was measured using an ADV. 






(a)      (b) 
 
(c)      (d) 
Figure 4.1: Vertical velocity profiles with the best fitted logarithmic profiles for gravel bed size of a) 
d84=1.14 b) d84=0.83 cm, and c) the smooth turbulent boundary layer. d) Turbulent intensity profiles for all 






























































4.3 Flow characteristics 
Qualitative investigation of the effect on the flow structure caused by up-stream surface 
roughness was undertaken. The scaled initial interface deflection,    , maximum interface 
thickness,  , and the observed flow regimes during the tests were examined for each upstream 
bed morphology. Changing the upstream surface roughness was not observed to have a 
significant effect on the initial stage of the purging process compared to changing the canyon 
aspect ratio (see section 3.3). Figure 4.2 compares the initial deflection on the interface surface 
following the abrupt initiation of flow in the flume. Although the flow was able to penetrate 
slightly deeper into the canyon for d84=1.14 cm, the results of d84=0.83 cm and the smooth bed 
channel are indistinguishable.  
 
 
Figure 4.2: initial deflection difference for rough (d84=1.14 & 0.83 cm) and smooth channel. 
 
Figure 4.3 presents the maximum measured density interface thickness for each test 
















increasing Richardson number. There is considerable scatter in the observed maximum interface 
thickness and no clearly discernible difference is seen between the different upstream 
morphologies. This suggests that the initial purging is dominated by the large scale mean flow 
rather than by small scale turbulent mixing.  
Sample scaled buoyancy profiles and contours for   ≈0.4 are shown in Figure 4.4 for 
each of the three upstream bed morphologies. Based on the regime definitions given in section 
2.3, the buoyancy profiles for the two rough channel conditions are in the transition regime 
(Figure 4.4a&b). This regime changes to the two-layer stratified regime for the smooth channel 
bed (Figure 4.4c).   
 
Figure 4.3: maximum thickness of the density interface, observed for each surface roughness, as a 



















Figure 4.4: Contour plot images of the canyon concentration of different surface roughnesses for   ≈0.4 
at about 1/2 total time of flushing, along with the buoyancy profile at the equal time intervals during the 
test. First two rows are transition flow regime, last row is two-layer stratification. a) d84=1.14 cm, 




The contour plots show that the mixing in the canyon is higher for the rough channel 
experiments and δ is bigger. Also the extent of the fluid drawn upstream diminishes as the 
thickness of interface decreases (Figure 4.4c).  
Previous studies (e.g.  Armfeild and Debler 1993) and present flow observation indicate 
that, in all cases, there is a recirculation flow inside the canyon on top of the dense layer. Since, 
for all three experiments shown in Figure 4.4, the velocity, aspect ratio and initial density were 
the same, it can be concluded that the upstream turbulent parameters influence the vortex 
structure and the mixing process inside the canyon. The flow regime for all boundary layer 
conditions are illustrated in Figure 4.5 based on inspection of the vertical buoyancy profiles as 
described in section 2.3.1. The smoother the upstream topography, and the higher the 
Richardson number, the more stable the stratification.  
 
 


















4.4 Time of flushing 
In the previous section it was shown qualitatively that the mixing process and density 
interface thickness are enhanced by increasing the upstream boundary layer surface roughness 
length. In order to quantify this enhanced level of mixing, the buoyancy decay profiles for all 
experiments were evaluated. Plots of the scaled total buoyancy in the canyon over time ( ( ) ) 
are presented in Figure 4.6 for   ≈0.16, 0.4 &2.4. For the low Richardson number case 
(       ) the flushing profiles are the same regardless of the upstream surface roughness 
(Figure 4.6a). However, at higher Richardson number, the turbulence properties of the upstream 
boundary layer significantly influence the time rate of flushing. For all three decay rate plots, the 
initial flushing rate is not significantly altered by the upstream bed morphology. However, at 
later stages in the flushing process, and for higher Richardson numbers, there is a distinct 
divergence in the decay rate depending on the upstream surface roughness.  
Figure 4.6c most clearly illustrates the difference in the rate of flushing over time at high 
Richardson number. The initial decay rate is independent of the surface roughness. However, 
once approximately 50% of the buoyant fluid has been flushed there is a transition in behavior. 
The decay rate increases for higher surface roughness and decreases for lower upstream 
roughness. This transition is discussed in detail at the end of this section. 
The initial exponential decay rate was calculated for each of the 54 experiments conducted and 
is shown in Figure 4.7. An equation of the form of (2.16) was fitted through all initial phase data 









,         (4.1) 
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is plotted in Figure 4.7. This equation is almost the same as Eq.2.16 showing that the change in 




Figure 4.6: Buoyancy decay comparison for different Richardson numbers in canyon with aspect ratio=1, 


































Figure 4.7: The exponential exchange coefficients for all surface roughness experiments. The data plotted 
on the vertical axis are data for a neutrally buoyant pollutant (    ). Dashed line show the   upper limit 
from Caton et al. (2003) for smooth channel flow, η=1. 
 
While there is some scatter in the data in Figure 4.7, there is no discernible difference 
between the three sets of experiments. Consistent with the profiles plotted in Figure 4.6, it 
shows that surface roughness only influences the flushing rate at a later point in the process.  
The effect on later stage flushing can be revealed by looking at Figure 4.8a showing the 
time taken to remove 90% of the initial volume of buoyant fluid. The higher the upstream 
surface roughness, the higher the measured turbulence intensity at the height of the model 
building roof, and the shorter the flushing time. However, there are some inconsistencies in the 
data in Figure 4.8a. For example, for        and      the measured time to flush 90% of the 
fluid for a smooth upstream bed is significantly below the other smooth plate data. Analysis of 
the raw data showed that these experiments were run at relatively low speed (Re<6000) and 














smooth plate experiments. The increase in flushing rate for low Re numbers (Re<4500) was also 
reported by Briggs et al. (1990). 
The data in Figure 4.8a were re-plotted in Figure 4.8b with the data segmented by bands 
of turbulence intensity rather upstream bed morphology. The resulting plot shows significantly 
greater consistency within each turbulence intensity band. As predicted by Caton et al. (2003), 
Eq. 3.3, the flushing time increases with decreasing the turbulent parameters. This is also 
consistent with the experimental results from Kim and Baik (2005).  
 
 
(a)                                                                                       (b) 
Figure 4.8: The time of flushing 90% of the canyon buoyancy based on a) Richardson number b) turbulent 
intensity ranges. 
 
This information strongly suggests that, for higher Richardson number (       based 
on Figure 4.8a), there is a transition in the flushing process. Figure 4.6 indicates that, for a given 





























turbulence intensity. Therefore, the initial flushing is controlled by the mean flow rather than 
the upstream turbulence. After an initial exponential decay, there is a rapid transition to a new 
decay rate. The new rate is strongly dependent on the upstream turbulence intensity and must 
therefore be due to the influence of small scale turbulence on the mixing process in the canyon.  
In summary, two stages of the purging process can be explained as follows: 
1. Initial purging is due to the mean flow and the large vortex at the downstream end of the 
canyon.  
2. Transition to smaller scale mixing (due to turbulent fluctuations) occurs once the mean 
flow has exhausted its capacity to skim the dense fluid. From this point on, the mixing is 
dominated by small turbulent eddies lifting patches of buoyant fluid up into the vortex 
above the interface. These patches are then rapidly mixed and swept out of the canyon 
and up into the ambient flow above.  
Kirkpatrick and Armfield (2005) also showed that the first three stages of the purging 
process (see section 2.1) can be modeled accurately by large eddy simulation. But the 
streamers, leaving the interface surface at the last stage, cannot be parameterized adequately 
by LES since they are formed by the small turbulent eddies. 
For Richardson numbers greater than 0.2, Figure 4.9 shows the thickness of the dense 
layer and the fraction of the buoyancy remaining in the canyon at the time of transition (for 
example the test in Figure 4.6c). 
Figure 4.8b indicates that above        the time to flush 90% is only weakly 
dependent on the turbulence intensity, whereas for lower intensities, the flushing time 
increases significantly. The introduction of a correction factor to the Richardson number of       
was found to collapse the data onto a single line. The resulting data is shown in Figure 4.10.  
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A function with the same form as (3.1) was fitted through the data of Figure 4.10 to 










,        (4.2) 
for the time taken to flush 90% of the initial fluid. Equation (4.2) is also plotted in Figure 4.10. 
 
Figure 4.9: The height of interface surface and the fraction of buoyancy remaining in the canyon at the 
time of transition.  
   
Figure 4.10: The time of flushing 90% of the canyon buoyancy versus Richardson number based on 






























4.5 Flushing mechanisms 
Figures 4.11 a, b & c show the flushing decay changing due to increasing    number for 
d84=1.14, 0.83 and 0 respectively. Comparing these graphs clearly demonstrates the turbulence 
intensity influence on flushing rate. For a rough boundary layer, d84=1.14, 0.83 cm, the range of 
exponential decay,     , (based on the definition in Figure 4.11a) expands with increasing 
   number. However, for the smooth boundary layer in Figure 4.11c, a different behavior is 
observed.  
As was explained in Chapter 3 (Sec.3.5) for the two-layer stratification regime, if the 
mixing across the interface is suppressed significantly, then the   value decreases with 
decreasing the height of interface surface. Interface mixing can be suppressed by narrow canyon 
width, very high    number and (based on this chapter’s results) a low level of upstream 
turbulence intensity. This can be seen in Figure 4.11c for the smooth channel flow. 
Figure 4.12 shows the fraction of the initial buoyancy flushed during the initial 
exponential decay for the different surface roughness experiments classified in the bands of 
turbulence intensities. For turbulence intensity less than 12% the decay rate decreases over 
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Figure 4.12: Fraction of the total buoyancy flushed during the initial exponential decay (1-Γe) versus 
   number for different turbulent intensity ranges. The lowest range shows different behavior than the 
other three ranges. 
 
4.6. Conclusions 
The effect of upstream turbulence intensity on flushing a dense fluid from a canyon was 
examined in this chapter. In section 4.3 three series of experiments for different upstream 
surface roughness and η=1 were compared. It was demonstrated that a dramatic change in 
results can be observed when the rough boundary layer is replaced by a smooth one. The 
change in inflow turbulence intensity changes the vortex properties inside the canyon and 
hence the regime of the stratified flow. Results from decreasing surface roughness are 
analogous to those from decreasing aspect ratio. Having a smooth boundary layer reduces the 
mixing in the canyon and increase the time of flushing. This effect in not clearly discernible 


















process (Figure 4.6c, 4.7). The turbulent mixing transition from large scale to the small scale flow 
is discernible for   >0.2 in Figure 4.8 and it was observed to occur when about half of the total 





FLUSHING OF A CONTINUOUS RELEASE  
 
In the previous chapters, the flushing of dense fluid from the canyon was investigated 
through experiments in which the basin contained a finite volume of stagnant dense fluid, 
representing an instantaneous buoyancy release condition. This chapter develops an analytical 
model for the flushing profile of a dense fluid based on the Richardson number for a canyon 
under a rough turbulent boundary layer (d84=1.14 cm). The results of a series of steady-state 
experiments are presented to find the mixing parameters in the theoretical model.  
 
5.1 Introduction 
In the previous chapters, the flushing of dense fluid from the canyon was investigated 
through finite release experiments. Such experiments can simulate the case of an instantaneous 
accidental toxic release. However, conditions exist in which the release time scale is significantly 
longer than the time taken for dispersion (e.g., gas leaking from a pipe). These situations can be 
modeled by considering a continuous release of pollutant with a constant source emission rate. 
Also these types of experiments can be employed to find the rate of contaminant flushing by 
crosswind overflow. When the contaminant is released at a constant rate   , and the 
experiment is in an equilibrium (steady-state) condition, the rate of purging of the contaminant 
is the same as the pollutant inflow rate. Therefore, the flushing rate can be measured directly by 
measuring the rate of addition of buoyancy. 
For a neutrally buoyant pollutant, Liu et al. (2005) and Cheng et al. (2008) used a 
continuous release model for a cavity with different aspect ratios to find the pollutant flushing 
100 
 
rate,  , at the steady-state condition (see Eq. 3.4 & 3.5). Caton et al. (2003) also analytically 
modeled the neutral contaminant decay when there is a continuous source of emission. 
Continuous release of pollutant was also considered by some studies to examine the 
effect of thermal buoyancy on the rate of flushing by studying the steady state concentration 
(e.g., Cheng and Liu 2011; Cheng et al., 2009). In terms of density-driven buoyancy effects, 
Strang and Fernando (2004), Castro et al. (1993) and Briggs et al. (1990) used continuous release 
experiments. Running 92 steady state wind tunnel experiments on CO2, Briggs et al. (1990) 
found the dense gas volume flux removal rate for a V-shaped topographical depression. They 
showed that, for high    numbers and    numbers less than 1, the volume flux,  , depends on 




           (5.1) 
For low Re numbers, the molecular diffusivity and the width of the valley become important as 
well. Briggs et al. (1990) defined an empirical entrainment rate relationship applicable for both 
situations.  
Similar depression geometry was used by Castro et al. (1993) in another wind tunnel 
study, albeit focused on low    numbers and using a low rate of source gas emission to avoid 
the pooling of the dense gas in the valley. Therefore, the two-layer stratifications observed in 
the finite release experiments presented in the previous chapters were not observed in their 
study. The concentration contour plots of their experiments are similar to those of the 
continuously stratified flow regime. The rate of flushing,  , was shown to depend on the    of 
the whole cavity 
  
 
         
          (5.2) 
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in which  ,  , and   are empirical constants found from the steady state experiments and  
   
   
  
               (5.3) 
where   is the depth of V-shaped valley,   is the wind velocity on top of the valley,   is the 
valley average concentration estimated by sampling, and    is the source concentration. The 
form of this equation is similar to that of the exponential decay rate   function presented in 
Chapter 2 and 4 (Eq. 2.16 & 4.1). A series of finite release experiments were also presented to 
verify Equation (5.2). Although Castro’s wind tunnel results showed good agreement with the 
form of Equation (5.2) when   0.5 and   16.7, the constant value for   found by steady state 
and finite release experiments was not the same. This may be because the assumption of a well-
mixed regime in the cavity was incorrect, or because of the dependency on the actual 
concentration stratification over the depth. 
For high    numbers for which the interface height is discernible, Debler and Armfield 
(1997) presented an equation to calculate the entrainment rate based on finite release 
experiments. They employed an energy and mixing efficiency model for parameterizing the rate 
of flushing and the entrainment velocity at the interface. The flushing rate was dependent on 
the cavity geometry,    number, layer thickness, the upstream flow depth, and the velocity. 
However, their model only accounts for flushing by skimming of dense fluid from the top of the 
dense layer. Although their experimental results were in the range           , they did not 
consider mixing across the density interface, assuming that the flushing was largely due to 
skimming of dense fluid off the top of the layer. 
Kirkpatrick et al. (2012), in a similar study, showed that the entrainment rate at the 
interface surface can be described by a power law function of the Richardson number. This 
study also focused on the two-layer stratification regime in the cavity. In summary, Caton et al. 
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(2003) and Castro et al. (1993) modeled flushing only as an exchange flow. Debler and Armfield 
(1997) and Kirkpatrick et al. (2012) only measured the rate at which the dense layer is skimmed 
over time so they did not account for the decrease in density of this layer. In this chapter, a 
series of steady-state experiments are presented in order to find the exchange rate coefficients 
experimentally for different buoyancies. In addition, a two-layer theoretical model is presented 
to predict the flushing rate of a buoyant pollutant from an isolated canyon under a turbulent 
rough boundary layer. It is the goal of this chapter to quantify both exchange and skimming flow 
for high Richardson number flow and to improve the models presented by Caton et al. (2003) 
and Castro et al. (1993) for neutral and low    number flows. 
 
5.2 Theoretical analysis 
In the theoretical framework of this study, a simple two-layer stratification model is 
considered for the exchange of a dense pollutant from an idealized street canyon (Figure 5.1). 
Assuming that the mixing above the buoyant layer is rapid compared to transport across the 
density interface, we can take the fluid directly above the dense layer to be at the ambient 
conditions (  
   ).  
A canyon of width  and depth  was considered with a lower layer of buoyancy   
  and 
depth  , with a rooftop wind speed of  (Figure 5.1). The finite release experiments described in 
the previous three chapters show that, for a two-layer stratification, the layer depth and the 
layer buoyancy decreased over time. Based on this observation during the experiments, the 
removal of the dense fluid is clearly carried out by two processes: skimming the dense fluid from 
across the density interface at the top of the dense layer (see Figure 5.2a) and an exchange flow 




Figure 5.1: Two layer stratification model.    ,    ,     are the ambient flow buoyancy, layer buoyancy and 
source buoyancy respectively. 
 
(a)      (b) 
Figure 5.2: a) Skimming the dense fluid from across the density interface. b) The exchange flow mixing the 
fresh fluid into the bottom layer. 
 
The skimming flow accounts for the change in depth of the layer while the exchange 
flow changes the buoyancy of the layer over time. Therefore, we can write equations for the 




     ,           (5.4a) 
and layer buoyancy 
 
   
 
  
      
 .          (5.4b) 
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Superimposing these two situations in Figure 5.2, the time rate of change of the 
buoyancy in the canyon is: 
     
  
  
   
   
  
  
   
 
  
    
        .       (5.5) 
Adding a source of buoyancy to (5.5) gives: 
 
     
  
  
    
         
    
 
 
        (5.6) 
where    and    
  are the source flow rate per unit length and source buoyancy respectively.  
In the extreme case of a very high Richardson number, no mixing is observed into the 
dense layer (  =0) and all the flushing is carried out by the skimming flow (Figure 5.2a). On the 
other hand, when the    is very low, no buoyancy stratification appears in the canyon and it 
remains well-mixed (h=H). In this case, the skimming flow is equal to     , which means when 
there is no source of buoyancy (    ), then only an exchange process (  ) accounts for the 
flushing of the dense fluid (us=0).  
 
Figure 5.3: Superposing skimming and mixing process. 
 
If the exchange velocity (  ) is parameterized in terms of an entrainment coefficient ( ) 
such that the fluid exchanged per unit width is given by  
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                (5.7a) 
and the skimming parameter (β) is defined as 
     .          (5.7b) 
Substituting (5.7a) and (5.7b) in (5.4a) and (5.6), 
  
  
     
  
 
 ,          (5.8) 
and 
 
     
  
  
    
        
    
 
 
        (5.9) 
Defining non-dimensional parameters as: 
  
     
  
   
            (5.10) 
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            (5.14) 
and assuming that there is no significant buoyancy in the upper layer (that is,     
   ), 
Equations (5.8) & (5.9) can be written in a non-dimensional form as: 
     
  
        and         (5.15) 
    
  
                     (5.16) 
The parameterization of the entrainment coefficients (α, β) can be estimated 
experimentally from steady state experiments, when the differential term in (5.15) and (5.16) 
are zero: 
              (5.17) 
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          (5.18) 
where     is the non-dimensional buoyancy of the layer at steady state. From (5.17) & (5.18) the 
relationship between (α+β) and β at the steady state condition is 
      
 
   
.          (5.19) 
As explained before, when the Richardson number increases,     tends to one so the α value 
goes to zero showing a low level of the mixing into the layer. 
 
5.3 Experimental procedure and results 
To find empirical equations for α and β, a series of the continuous release experiments 
were conducted for different    and   . The experiments were run until a steady state was 
reached with a constant canyon buoyancy. The same set-up as in Chapter 2 was used for the 
steady state experiment. The test procedure was slightly different, as explained below. 
Tests were conducted for a canyon with aspect ratio (η=1). Different source inflows,   , 
source buoyancies,    , and overflow velocities,  , were used. Density and flow rate of the fluid 
emitted from the evenly perforated pipe were kept constant over the course of any given 
experiment. Constant density was provided by the large volume of salt water prepared in the 
constant head tank. Constant rate of buoyancy emission was controlled by a calibrated inline 
rotameter flow rate meter (Figure 2.5). Tests were run until the total buoyancy in the canyon did 
not change over time, that is, until it reached a steady state. At this time the rate of flushing of 
dense fluid from the canyon is the same as that of the emissions from the perforated pipe. For 
high Richardson numbers, the tests were stopped when the thickness of the layer in the cavity 
was observed to be constant over time. For low    numbers, the tests usually reached a steady 
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state faster, so running the experiments for a considerable amount of time (about 15 minutes) 
assures a valid result.  
The initial condition in the experiments could be either a full or an empty canyon. The 
graphical examples of the horizontal averaged buoyancy profile over time are shown in Figure 






Figure 5.4: Horizontal averaged buoyancy over the time at a) a full canyon initial conditions, number (   = 
3.52), b) an empty canyon initial conditions, number (    = 2.66). 
 
In this study the majority of the experiments were run using a full canyon initial 
condition. A few experiments were conducted with an initially empty canyon to compare the 
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results. Regardless of the initial condition, the buoyancy of the source was used to scale the 
data. Although the LAT was employed in all experiments to measure the buoyancy in the canyon 
at any time of the experiment, the densitometer was also used to measure the density of 
samples taken at the steady state time. 
Tests were conducted for a wide range of source Richardson number (      
     ) 
and inflow rate,   . The interface height,   , can be found at any time, using the method 
explained in Chapter 2 ( Figure 2.17). The total buoyancy in the canyon and the buoyancy of the 
layer were calculated from Equations (2.11) and (2.13) respectively. Examples of    and   
profiles over time for a continuous experiment are shown in Figure 5.5. 
 
 
Figure 5.5:   ,   profiles for a continuous release experiment test,   = 1.35. 
 
Depending on the Richardson number and inflow rate,   , the regime of the steady-
state stratified flow in the canyon differs. Figure 5.6 shows examples of two-layer and 
continuously stratified flow regimes. For continuous and well-mixed regimes, the interface 
0.1 
1 












height is not clearly observable. However Figure 5.6, shows all the continuous release 
experiments for different    numbers and steady state interface height calculated,    .  
 
  
(a)      (b) 
Figure 5.6: Horizontal averaged buoyancy profile a) for two-layer stratification (empty canyon initial 
condition,   =2.66), and b) for continuous regime, where no interface is discernible (full canyon initial 
condition,   =0.72). 
 
Recalling the deflection depth of the interface surface,    , at the initial stage of the 
finite release experiments (Figure 2.13), it is expected that two-layer steady-state tests cannot 
be run for     
   
 
    
 
 
 . Therefore, the maximum expected value for     was found from 
fitting a line through data for the deflection depth versus   , in Figure 2.13.  
The initial condition of each experiment and the stratification regime based on the 
observed steady-state buoyancy profile is shown in Figure 5.7. Consistent with the finite release 
experiments in Chapter 2, it is hard to maintain a two-layer stratification when the Richardson 




















number is less than 0.8. For   <0.8 the interface height was not discernible, so the two layer 
model cannot be applied.  
 
Figure 5.7: Total continuous release experiments conducted for different    numbers (η=1). The solid 
symbols are the tests with empty initial conditions. The vertical line shows the lowest    number in which 
that two-layer stratification regime was observed. The values on the horizontal axis are the tests at which 
no interface was observed. 
 
The majority of the continuous release experiments were run for an initially full canyon. 
In order to investigate whether the effect of the initial condition on the steady state results is 
significant, multiple experiments were conducted for an initially empty canyon. The data 
showed that for high source    numbers, the results are the same. However, for intermediate 
   numbers and the empty canyon initial condition, the pool of dense fluid was not established 
due to the rapid mixing of the salt water at the time of emission. Therefore, the height of the 
interface surface is not clearly defined for that case. As an example, the buoyancy profiles of 
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their different initial conditions. The Richardson number limit for the effect of initial conditions 
was not investigated in this study. Only the data in Figure 5.9 were used in analysis in this 
chapter in order to have consistency in the initial conditions and the range of overflow turbulent 
intensity. 
 
(a)   =0.72 (Continuous regime) (b)   =0.72 (Transition regime) 
 
(c)   =3.22 (two-layer)     (d)   =3.22 (two-layer) 
Figure 5.8: Steady state buoyancy profile (a)&(c) empty canyon initial condition (b)&(c) full canyon initial 
condition 
 







































Figure 5.9: Total continuous release experiments employed for the modeling.  
 
5.4 Model development 
5.4.1 Two-layer stratification regime 
To find empirical equations for   and β in the suggested model (Eq. 5.15 & 5.16), 
experimental values were calculated for all those data in the two-layer stratification regime. For 
each test, measuring the velocity, U, the source flux,   , the steady state interface height,    , 
and steady state layer buoyancy,     , allowed    and β values to be calculated using (5.17) and 
(5.18). Figure 5.10 shows   and β values for each steady-state layer    number (that is, a 
Richardson number based on the layer buoyancy not the source buoyancy)            and the 
steady state interface height,    . The mixing coefficients are dependent on     and    , so  
             
 
 




























































Using an energy balance argument, Debler and Armfield (1997) relate the rate of supply 
of kinetic energy to the interface with the rate at which the flow gravitational potential energy is 
increased (by lifting dense fluid): 
   
               
          (5.21) 
where   is the flow rate leaving the cavity (equal to    at steady state time),     is a constant 
defining the mixing efficiency, u is the ambient velocity just above the interface, and D and U are 
the depth and the average velocity of the upstream flow respectively. From Eq. (5.21), they 
found a power-law function for skimming coefficients as: 
         
 
 
    




    
  
      (5.22) 
where  (<1) is a mixing efficiency that depends on the cavity geometry. The second bracketed 
term accounts for the deceleration of the flow as it passes over the cavity due to the finite depth 
(D) of the overflow. For an infinite depth overflow boundary layer (large D) this term approaches 
one and β will be  





     
  .        (5.23) 
In their study α was considered to be very small so, for the continuous release case,     is the 
same as    . 
Since       
 
   
, α also can be modeled as a power-law function of the layer Richardson 
number and layer thickness. Using the data in Figure 5.10 for α and β, two power-law equations 
were fitted, in the forms of 
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           (5.25) 
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where   and   are constant. Based on present experimental data,          
   
,      ,                        
  ,        , and          . 
Using the empirical equations (5.24) and (5.25), the differential equations (5.15) and 
(5.16) can be solved to model the buoyancy flushing profile, the interface height decay, and the 
buoyancy of the layer over time for each finite or continuous release experiment. 
 
5.4.1.1 Model verification with the finite release tests 
The two layer model was employed to estimate the canyon buoyancy decay,  , and layer 
thickness profiles   . The results for different experiments from Chapter 2 are presented in 
Figure 5.11.  
Figure 5.12 shows the time of 90% flushing, predicted by the two-layer model and equation 
(2.16) in Chapter 2. To evaluate the performance of the model, the calculated time of 90% and 
50% flushing for each experiment is compared to the measured value in Figure 5.13. Almost all 
the data collapses well within the range of +/-40% agreement with the model. 
 
(a)          (b) 
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(c)          (d) 
 
(e)          (f) 
Figure 5.11: Model and data comparison for finite release experiments: (a, c, & e) are total buoyancy 
profile, Γ (from Eq. 5.16 and experiments), and (b, d, & f) are layer thickness decay profiles, ζi (based on 










































Figure 5.12: Time of 90% flushing from finite release experiments and models (for   >0.8). The dashed 
line is based on Equation (2.16). The solid line is based on two layer modeling with interfacial mixing as 
well as skimming.   
 
 



































5.4.1.2 Model verification with the continuous tests: 
Equations (5.15) & (5.16) can be used to simulate the transition flow in the continuous tests as 
well. Figure 5.14 shows the transient flow in a continuous experiment with   =1.35. 
The calculated steady state canyon total buoyancy is compared with the measured ones 
for all of the data involving a two-layer stratification regime presented in this chapter. The range 
of +/-40% agreement was shown for comparison in Figure 5.15. The model predicts the 
thickness of the layer more accurately than it predicts the buoyancy, due to the sensitivity of the 
solution to the α value, which is the difference between two small numbers and is therefore 
hard to measure accurately.  
 
 
(a)                                          (b) 
Figure 5.14: Total buoyancy and layer thickness decay profiles for a continuous release experiment with 
   =1.35. 
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Figure 5.15: Comparison of the calculated and measured values for steady state total buoyancy and 
steady state interface height. 
 
5.4.2 Continuous stratified and well-mixed regime 
The theoretical model assumed a two-layer stratification. Hence the results will not be 
accurate if the model is applied to a continuous or well-mixed flow. In the case of a low 
Richardson number (      ), the density interface thickness grows and no distinct interface 
surface can be observed in the canyon. When the whole canyon is full with either a continuous 
stratification or a well-mixed flow, then the thickness of the layer is considered equal to the 
canyon depth and the buoyancy of the layer is defined as the average buoyancy of the canyon 
(see Figure 5.16): 
  
      
  
     
  
.         (5.26) 
So the dense layer is modeled as shown in Figure 5.16, and (5.9) will be: 
       
  
  
      
        
    
 
 






















Figure 5.16: The exchange flow model for continuous and well-mixed flow regime 
 
Since the interface height is constant at the top of the canyon,      and    . So      and 
(5.27) in non-dimensional form will be 
    
  
                    (5.28) 
which is the same functional form of concentration decay for neutral contaminants introduced 
by Caton et al. (2003) and for weakly stratified flow by Castro et al. (1993). 
For the case of no source emissions (    ), solving differential equation (5.28) gives 
the same exponential function used for the total concentration decay in Chapter 2: 
      .          (5.29) 
So the exponential decay constant,  , defined in the previous chapter, is actually the exchange 
coefficient at the top of the canyon: 
              (5.30) 
when    since β=  for the continuous release case . In general  
     .          (5.31) 
So the same form of equation (2.16) is expected to appropriately model      . As was shown 
in Chapter 2, for the case of a neutrally buoyant fluid and a well-mixed regime,   is constant 
during the flushing process. Solving the derivative equation (5.29) for a constant   gives: 
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Γ  Γ  
    
 
 
                 (5.32) 
for a well-mixed flow where Γ    if the cavity is empty initially, and Γ    when the cavity is 
initially full. 
When the role of buoyancy is important,   changes depending on the canyon 
   number at any time of flushing: 
                   (5.33) 
This function was found in Chapter 2 for an aspect ratio one canyon based on the initial 
Richardson number. Using the empirical equation (2.16) for        in (5.28) gives a differential 
equation to model the flushing profile for continuous regime flows: 
    
  
    
 
      
 
 
           (5.34) 
for the continuous regime where    18,    84, and    -1.21 from Equation (2.16). 
 
5.4.2.1 Model verification for finite release experiments: 
Equation (5.34) was used to model the continuous, well-mixed, and transition regime 
experiments presented in chapter 2. Figure 5.17 shows some example plots of the total 
buoyancy decay profile over time. The model simulates the decreasing decay rate over time.  
For finite release experiments, Castro et al. (1993) suggested the following equation to calculate 
the time varied concentration of a V-shaped valley: 
        
 
 
   
      
 
             (5.35) 
in which            ,     is the    number at  =0,  =0.5, and    is a time decay constant, 
suggested to be 15 based on their experiments. Values for   of 3.7 for continuous release tests 
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and 7.9 for the finite release tests were obtained from their experiments. The results from this 
model are also shown in Figure 5.17.  
 
 
(a)          (b) 
 
(c)          (d) 
Figure 5.17: Total buoyancy decay profile for finite release experiments in different regimes: Transition, 
















































To compare the models’ performance, the time of 90% flushing was calculated based on 
both models and compared with the finite release experiments (only for non-two-layer 
stratification regimes,   <0.8, when both the models are valid). The comparison is shown in 
Figure 5. 18. As is shown in Figure 5.17, Castro’s model does not work well for the transition 
regime while suggested model reasonably predicts the decay rate profile for all regimes: 
transition, continuous, and well mixed. Generally Castro’s model under predicts the time of 




Figure 5.18: Time of 90% flushing from experiments and different models (for   <1). The dashed line is 
based on   as a function of the initial    number. The solid line is based on   as a function of the layer 





















Figure 5.19 presents the comparison of 90% and 50% flushing time measured from finite 
release experiments and predicted by Equations (5.34 & 5.35). As shown in Figure 5.19 
suggested model results collapse in +/- 40% region. 
 
 
(a)                                                                                 (b) 
Figure 5.19: Comparison of calculated and measured time of 90% and 50% flushing for the continuous, 
well-mixed and transition regime experiments in Chapter 2, with a) suggested model by Eq.(5.34) and  b) 
Castro et al. (1993). 
 
5.4.2.2 Model verification for continuous release experiments: 
Based on Equations (5.28) and (5.30), the steady-state   value can also be measured from 
steady state tests by: 
    
 
   
           (5.36) 
The results of the experiments shown in Figure 5.9 are compared with the predicted   value 































measured     for all tests based on the layer Richardson number. Notably, the layer buoyancy 
for a two-layer stratified flow regime is based on the density of the dense layer, while for the 
other regimes the average buoyancy of the canyon was used. The results from steady state 
experiments show good agreement with the empirical equation (2.16) and finite release tests. 
This confirms that the effect of initial condition and running the flume abruptly at the finite 
release experiments had no significant effect on the   value and flushing rate calculated over 
the initial stage in Chapters 2, 3 and 4. 
 
Figure 5.20: Experimental steady state   value in comparison with the empirical equation (2.16) and the 
finite release tests for the same canyon geometry and upstream conditions. 
 
5.5 Discussion and conclusions 
An ordinary differential equation was presented to model analytically the total 
buoyancy flushing from a two-layer stratified canyon and the thickness of the dense layer (Eqs. 













Finite release data 
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empirical equations (5.24) and (5.25) for the exchange and skimming parameters in this ODE 
model. The continuous release experiments were conducted over a range of source buoyancy, 
0.1<   <7 and for different source flow rates. 
The results from model simulations were compared with the experimental buoyancy 
decay and interface height profiles (Figure 5.11 for finite release and Figure 5.14 for continuous 
release experiments). For the non-two-layer flow regimes (i.e., transition, continuous, and well-
mixed flow) a differential equation similar to the form used by Castro et al. (1993) was 
introduced based on the empirical function (2.16) for the exponential decay as a function of the 
Richardson number. Using the Richardson number of the layer,    , in (2.16) rather than     
significantly improves the flushing time prediction for the finite release experiments (Figure 
5.12). Using     also improves the prediction of the decay rate profile as it models the increase 
in decay rate,  , over time.(Figure 5.11). Compared to the Castro’s model, suggested equation 
(5.34) shows better agreement in the flushing time prediction (Figure 5.13) and buoyancy profile 
(Figure 5.11a). This model (Eq. 5.34) can be used for well-mixed flows and, hence, neutrally 
buoyant pollutants as well as dense pollutants (e.g. Figure 511d). 
A plot of the experimental   values, from the steady state experiments, versus the layer 
Richardson number collapse perfectly over the finite release averaged   data and (2.16).  
Both models from sections 5.3 and 5.4 can be summarized for use in a numerical 
calculation. Two regions were defined to specify the   and β parameters: two-layer when 
0.8<  , and continuous when   <0.8. 
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 Figure 5.21 graphically shows the equation used in (5.38) for each Richardson number. 
The flushing results from suggested model were presented over a wide range of Richardson 
numbers in comparison with the experimental data in Figure 5.22. 
 
Figure 5.21: Exponential decay coefficient,  , in the model Eq.(5.37) for different Richardson numbers. 
 
The steady state layer thickness and canyon buoyancy for data in Figure 5.9 can be 
calculated based on Equations (5.15)& (5.37), regardless of the regime observed and only based 
on the initial    numbers. The steady state data for the two-layer regime was already presented 
in Figure 5.15. The well-mixed, continuous, and transition experiments in Figure 5.9 are 













Figure 5.22: 90% and 50% flushing from Model Eq.(5.15)&(5.37) for two regions (  <0.8 &   >0.8) in 
comparison to the data from finite release experiments. 
 
 
Figure 5.23: Steady state total buoyancy and interface height for well-mixed, continuous, and transition 




































SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
 
6.1 Summary 
This study has presented an experimental investigation of the effect of buoyancy, 
canyon aspect ratio, and the upstream surface roughness on the flushing of a dense fluid from a 
street canyon. Chapter One reviewed and summarized previous studies on urban canyon flows 
and dispersion. The specific problem and its parameterization were explained in Section 1.3. 
To understand the mechanics of flushing, four series of finite release experiments for 
different aspect ratios (η=0.45, 0.75, 1, 2) and three series of tests for different upstream 
surface roughness (d84= 1.14, 0.83, and 0.0 cm) were conducted over a range of Richardson 
numbers. The experiments were conducted in a water flume and salt water was used as the 
dense fluid. The LAT technique was employed to measure the buoyancy in the canyon during 
the experiment. The details of the experimental set-up and technique were discussed in Section 
2.2.  
Qualitative and quantitative examination of the results was presented to discuss the 
effects of different parameters on the flow regime and flushing rate from a canyon. Based on 
finite release experiments, empirical equations were presented in Chapters 2, 3, and 4 to 
estimate the rate of buoyancy decay in a canyon with different aspect ratios and different 
upstream turbulence intensities.  
In Chapter 5, an analytical model for an ideal canyon was presented to predict the total 
buoyancy of the canyon,  , at any time during the flushing. This model was developed for a 
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canyon of aspect ratio one, based on the empirical equations found from finite release and 
continuous release tests (Eq.5.58). 
 
6.2 Conclusion 
The flow is both qualitatively and quantitatively influenced by the buoyancy of the 
pollution, canyon geometry, and upstream boundary layer properties. The main results 
stemming from the experiments and the conclusions based on each chapter’s findings are 
highlighted as follows. 
 
6.2.1 Initial purging: 
The Richardson number and aspect ratio strongly affects the initial flushing mechanics, 
i.e. deflection depth and vortex penetration into the dense layer. The initial angle of deflection 
and vortex penetration depth are a function of the cavity aspect ratio and flow Richardson 
number. For higher Richardson numbers and lower aspect ratio, the vortex penetrates less 
deeply into the dense layer due to the higher stability of the stratification. However, the 
upstream boundary layer properties have no effect on this stage. 
For a constant Richardson number, changing the upstream surface roughness did not 
affect the initial purging mechanism because this stage is dominated by the large scale 





6.2.2 Flow regime 
For all geometric configurations and upstream surface roughnesses, the dynamics of the 
mixing has been examined and three separate flow regimes were identified based on 
Richardson numbers.  
For low Richardson numbers, the cavity remains well mixed during the flushing process 
and the density difference decays exponentially (as observed for flushing a neutrally buoyant 
tracer). As the Richardson number increases, the cavity becomes more stably stratified and a 
continuous stratification is maintained. Finally for high Richardson numbers, a strong two-layer 
stratification was observed. 
The transition Richardson numbers among these three different regimes is a function of 
the canyon geometry and upstream surface morphology. For taller, narrower cavities or lower 
upstream turbulence intensity, a two-layer stratification was observed for lower Richardson 
numbers compared to wider cavities or rougher turbulent boundary layers.  
 
6.2.3 Layer buoyancy decay 
Data analysis and inspection of the buoyancy profiles revealed that for the two-layer 
regime experiment, the lower dense layer gets thinner over time. This indicates that dense fluid 
is being skimmed from the top of the layer. The layer also gets less dense, indicating that 
ambient fluid is being mixed down into the dense layer. This is in contrast with previous studies 
that only observed flushing by skimming. Mixing into the layer decreases as the layer stability 
increases (e.g., higher   , lower aspect ratio, or lower turbulence intensity). 
The layer buoyancy decreases linearly over time until the shear layer reaches the 
bottom of the cavity, at which point there is a dramatic increase in the rate of layer buoyancy 
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reduction. Results also indicate that the density interface is thinner than the shear layer that is 
driving the mixing, and that the difference in thicknesses increases with increasing Richardson 
number. This result is consistent with previous studies of mixing in stratified shear flows.  
 
6.2.4 Initial exponential decay rate, k 
Although the decay rate is observed to increase as the total buoyancy in the canyon 
decreases, for all experiments it can be well approximated as constant over an initial range of 
the buoyancy flushing (usually between           . 
The initial exponential decay rate was calculated for each experiment and is well 
described by the empirical relationship in Eq.(2.16). Once the first portion of the dense fluid has 
been flushed, the decay rate increases if the stratification weakens and decreases if the mixing 
in the layer is suppressed (due to very high density, a low aspect ratio canyon, or low turbulence 
intensity). 
In addition to the Richardson number, the decay rate ( ) varies for different aspect 
ratios but not for different upstream turbulence intensities. Lowering the aspect ratio restricts 
the initial purging flow and consequently reduces the decay rate. The upstream surface 
roughness increases the turbulence intensity. This does not alter the initial flushing and only 
influences the flow for more stable stratifications when small scale eddies dominate the mixing 
process. This small scale nibbling is not observed when the Richardson number is too low, 
because all the flushing is done by the large scale flow and the large vortex that penetrates into 
the canyon.  
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For large Richardson numbers, the time of transition (from large scale to the small scale 
mixing flow) was found at       . After this stage, the reminder of the purging process is 
dominated by small scale turbulent eddies. 
 
6.2.5 Time of flushing  
The time taken to flush a dense fluid from a canyon increases with the Richardson 
number. It also rises when a particularly tall and narrow canyon is considered, rather than a 
square canyon. Narrower street canyons limit the width of large scale vortices in the canyon and 
hence reduce vertical mixing. 
Replacing the rough boundary layer with a smooth one has no effect on the time taken 
to flush 50% of the canyon buoyancy, since it approximately corresponds to the initial 
exponential decay rate which is dominated by the large-scale flushing flow. The time taken to 
flush 90% better illustrates the effect of upstream surface roughness. Decreasing surface 
roughness has the same effect as decreasing aspect ratio and causes a dramatic change in time 
of flushing due to lower turbulent intensity generation. 
In general it was observed that increasing the Richardson number, decreasing the 
canyon aspect ratio, and decreasing the upstream surface roughness resulted in an increasingly 
strong stratification within the canyon and longer trapping times for the pollutant.  
 
6.2.6 Continuous release experiments and modeling 
A two-layer model was developed to parameterize the mixing and skimming processes 
observed during both the finite release and continuous release experiments. The continuous 
release experiments allowed for the direct measurement of the flushing rate for any layer depth 
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and Richardson number. Both the skimming rate and the interfacial mixing rate were found to 
be power-law functions of the Richardson numbers of the layer. The sum of these two 
parameters is equivalent to the exponential decay rate measured by the finite release 
experiments. A high degree of consistency was found between the finite release data and the 
continuous release data as shown in Figure (5.21). This agreement acts as an excellent check on 
measurement techniques, as the finite release data was based on curve fitting through 
buoyancy versus time data while the continuous release data was calculated directly by 
measuring the rate of addition of volume and buoyancy once a steady state was established.  
 
6.3 Recommendations 
While this dissertation presents the first detailed analysis of the role of buoyancy on 
mixing in a street canyon for a wide range of aspect ratios and upstream boundary layer 
conditions, much work remains. It includes: 
1. Different geometries: this dissertation has only considered isolated street canyons. The 
role of an array of upstream buildings should be studied as well as a broader range of 
aspect ratios.  
2. More detailed parameterization of the role of aspect ratio and turbulence intensity on 
the initial and later stage mixing: While the initial decay rate and time to flush 90% of 
the buoyancy has been measured, parameterizations based on continuous release 
experiments would improve the modeling of the decay rate over time.  
3. In depth analysis of the role of turbulence intensity on the flushing rate: The role of 
turbulence intensity has been explored in this dissertation by examining the effect of 
different upstream turbulence intensities on the flushing rate. The detailed mechanics 
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could be explored by looking at the time varying velocity field within the canyon using 
PIV.  
4. Computational modeling: A 2D CFD model of the current work could be developed and 
compared with the experimental results of this study and the analytical model 
predictions. A 3D numerical model might be able to capture the small scale eddies that 
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